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Design of Microbial Methane
Oxidation Systems for Landfills
Julia Gebert1*, Marion Huber-Humer2 and Alexandre R. Cabral 3

1Department of Geoscience and Engineering, Faculty of CITG, Delft University of Technology, Delft, Netherlands, 2Department of
Water, Atmosphere and Environment, Institute of Waste Management, University of Natural Resources and Life Sciences Vienna,
Vienna, Austria, 3Department of Civil and Building Engineering, Faculty of Engineering, Université de Sherbrooke, Sherbrooke,
QC, Canada

Landfill methane currently represents the largest global source of greenhouse gas
emissions from the solid waste sector. Emissions are expected to increase due to
increasing waste generation, particularly in countries still landfilling biodegradable
wastes. As a complementary measure to gas extraction with subsequent flaring or
energy conversion, or for emissions reduction from old landfills or from landfills
containing wastes with a low gas potential, microbial methane oxidation systems
(MMOS) are considered a promising technology. Numerous studies relating to
controlling factors and enhancement of microbial methane oxidation in biocovers,
biowindows or biofilters, both in laboratory and in large scale field settings, have been
published. The design of optimized MMOS requires thorough understanding of the
involved processes, specifically the biological ones and of those related to the
transport of gas and water in porous media, and of the impact of material properties
and external environmental factors on these processes. Consequently, the selection of
materials that are suitable from a biogeochemical and from a geotechnical point of view,
meeting the required water and gas transport properties, are key aspects in the design
process. This paper reviews the scientific background of the relevant concepts and
processes dictating MMOS performance, and provides guidance on layout and design
steps, including choice of materials and quality control. Further, a decision tree to support
the choice of MMOS is proposed. This paper provides the scientific foundation for
upcoming technical guidance documents.

Keywords: Methane oxidation, biofilter, biowindow, biocover, design, consruction, monitoring

INTRODUCTION

Anaerobic degradation of organic waste matter in landfills leads to the production of landfill gas,
which contains mainly methane (CH4; around 60%) and carbon dioxide (CO2; around 40%). The
global warming potential (GWP) of CH4 is 28 over a 100 years observation period; however, within a
period of 20 years, the GWP of CH4 amounts to 84 (Aghdam et al., 2019). On a global perspective,
CH4 emissions from landfills represent the largest direct source of GHG emissions from the solid
waste sector. According to the fifth IPCC assessment report, landfill contribution to greenhouse gases
amounts to approximately 630 Mt CO2eq (Fischedick et al., 2018) Global landfill emissions are
expected to rise, since waste generation per capita is expected to increase, particularly in developing
nations, who landfill large quantities of biodegradable organic matter (Heroux et al., 2010). Given the
high short-term GWP, the nature of landfills as a point source and the magnitude of GHG emissions
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from landfills, an effective reduction of emissions will
contribute significantly to reducing the source term in the
greenhouse gas balance. Furthermore, prior to implementation
of more recent stringent regulations, old (already closed)
landfills in the past received great quantities of
biodegradable organic waste. These old landfills can still
release significant amounts of methane.

In the European Union (EU), where waste management is
strictly regulated (Waste Framework Directive, http://data.
europa.eu/eli/dir/2008/98/2018-07-05; Landfill Directive, http://
data.europa.eu/eli/dir/1999/31/2018-07-04 and their respective
implementation in the EU member states), there are diverse
options for reducing CH4 emissions from landfills (Kjeldsen
and Scheutz, 2018). These range from measures prior to
landfilling (e.g., separate collection of biogenic waste for
composting or for anaerobic digestion; or reduction of
biodegradable organic content by mechanical-biological or
thermal pre-treatment of wastes before landfilling) to
procedures during or after landfilling of waste. These include
landfill gas extraction, in-situ techniques to reduce the amount of
already deposited biodegradable waste (e.g. in-situ aeration), and
implementation of microbial methane oxidation systems
(MMOS), which are the focus of this paper.

MMOS are considered key technologies for landfill emissions
abatement and are especially applicable when gas extraction
becomes technically or economically unfeasible but CH4

generation is still expected to continue for decades. MMOS
have been listed in the 4th IPCC Assessment Report as
promising mitigation strategies to reduce greenhouse gas
emissions from the waste sector (Bogner et al., 2007). This
recommendation was based on the work of international
research groups that conducted detailed investigations on the
enhancement of microbial methane oxidation in diverse lab- and
field-scale settings on landfills (Streese and Stegman, 2003;
Huber-Humer, 2004a; Barlaz et al., 2004; Gebert and
Groengroeft, 2006a, b; Powelson et al., 2006; Haubrichs and
Widmann, 2006). Since then, numerous investigations of the
performance of - more or less engineered - biocovers, biowindows
or biofilters have been carried out (Huber-Humer et al., 2008a, b;
Abichou et al., 2009; Bogner et al., 2010; Bohn et al., 2011; Dever
et al., 2011; Scheutz et al., 2011a; Roncato and Cabral, 2012;
Scheutz et al., 2014; Roewer et al., 2016a, b; Cassini et al., 2017;
Scheutz et al., 2017). TheseMMOS differ particularly with respect
to geometric characteristics (e.g., volume and surface area
available for the enhanced microbial oxidation process), CH4

supply (actively or passively vented), and type of selected
substrate (e.g., sand and/or soil mixtures, waste-based
materials like compost, wood chips). The terms “passive
methane oxidation biosystems (PMOB)” or “biofiters,”
“biowindows” and “biocovers” have also been adopted to refer
to MMOS (e.g., Cabral et al., 2010b; Ahoughalandari et al., 2018).

A first review on microbial CH4 oxidation processes and
technologies for landfill CH4 emission abatement was
published by members of the international working group
CLEAR (Consortium for Landfill Emissions Abatement
Research, a task group of the International Waste Working
Group, IWWG; Huber-Humer, 2004b) in 2009 (Scheutz et al.,

2009a) presenting the state-of-the-science of the fundamental
processes controlling CH4 oxidation in soils and landfill settings,
and reporting the results of small/lab-scale experiments and the
first engineered field systems for mitigating landfill CH4

emissions. Since then, further process knowledge has been
generated and large-scale field trials and full-scale applications
of MMOS have been implemented in several countries. A few
countries have developed brief technical information (Campbell
and Robinson, 2017) or guidelines for biocovers and biowindows
(e.g. ÖVA, 2008; Kjeldsen and Scheutz, 2016; LAGA Ad hoc AG
Deponietechnik, 2016a; LAGA Ad hoc AG Deponietechnik,
2016b, see Table 1 in Supplementary Material S1) and
biofilters (NSW, 2019). One can find, for example, general
recommendations on quality criteria to select suitable
materials for the construction of methane oxidation layers.
However, science-based guidance on design, construction and
quality control of MMOS is still missing. Such guidance should
take into account all physical and biological processes and their
controls, including those related to the transport of gas and water
in porous media, to the impact of material properties and to
external environmental factors, for example, as determined by the
local climatic conditions.

Generally, the most relevant environmental factors and
conditions are interdependent; for example, moisture – a key
factor dictating gas transport properties and thus the
performance of MMOS – depends on prevailing climatic
conditions, on the geometry of the MMOS, and on the texture
and compaction of the material constituting the methane
oxidation layer (MOL). The porosity of the MOL material, its
water holding capacity after placement, and its gas permeability
have a decisive effect on the performance of the MMOS.
Therefore, selection of suitable materials and how they are
compacted represent key design aspects (Gebert et al., 2011a;
Ahoughalandari et al., 2018; Van Verseveld and Gebert, 2020).
Another challenging design concern is ensuring uniform spatial
distribution of the CH4 load to the biosystem. Spatial
inhomogeneity of landfill gas can be caused by unequal
distribution at the base of the MMOS (potentially associated
with moisture blocking upward flow of landfill gas), by the
formation of secondary macropores (cracks, fissures, animal
burrows) within the MMOS, or from spatially uneven
compaction or moisture content of the MMOS material. Along
these preferential pathways, the CH4 load likely exceeds the
oxidation capacity of the medium; and excessive advective
methane bottom flux through these pathways hinders the
diffusive influx of oxygen from the surface (Gebert et al.,
2011b). This results in “hotspots,” i.e. areas of high CH4 fluxes
or uncontrolled emissions, at the surface of the landfill cover.
Ensuring a more even distribution of the CH4 loading greatly
improves emissions abatement, with CH4 oxidation rates
attaining nearly 100% of the applied loading (Huber-Humer,
2004a; Bogner et al., 2007; Roncato and Cabral, 2012; Ndanga
et al., 2015; Ndanga et al., 2016).

The fundamental factors impacting the microbial process of
CH4 oxidation in landfill settings have been covered in various
publications, e.g., by Huber-Humer et al. (2008b), Scheutz et al.
(2009a), Spokas and Bogner (2011) and will not be presented
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herein. The scope of this paper is to review technology relevant
processes and to reflect the current knowledge regarding
technical design of microbial methane oxidation systems,
acting as basis for future science-based, technical guidance
documents on MMOS design. Moreover, this paper provides
guidance on when to implement MMOS, and which system
would be the most appropriate under specific condition and
proposes possible approaches for the monitoring and
performance assessment of MMOS (Supplementary Material
S3), including a proposal for an action plan that addresses
unwanted developments of MMOS. Further, recommendations
on methods for the quality control of candidate materials are
given (Supplementary Material S4). This paper, therefore,
provides a comprehensive state-of-knowledge basis for
further research regarding optimization of MMOS as well as
guidance to landfill operators, MMOS designers and permitting
authorities, supporting choice of the adequate emission
abatement strategy to curb fugitive emissions during the
operational years of a landfill, and for residual emissions
during the after-care period.

TYPICAL LAYOUTS OF METHANE
OXIDATION SYSTEMS

Layering
The main characteristics and functions of the three to four layers
typically making up a methane oxidation system are as follows
(and summarized in Tables 1, 2):

(1) Foundation layer (MMOS bed)

When building a MMOS below-grade (biowindows and
some types of biofilters), i.e. within the existing landfill top
cover, the foundation layer will probably be the existing cover
soil, or any soil layer that was placed immediately upon the

waste mass. When building an above-grade MMOS (biofilters
and biocovers) (Table 2), the foundation layer is the base of
the structure supporting the MOL, which needs to be
impervious to gas migration. On landfills where no cover
was placed, a layer of inert wastes can be compacted,
profiled and levelled and therefore serve as a foundation for
a MMOS.

(2) Gas distribution layer (GDL)

The fundamental functions of the gas distribution layer are the
following: distribute the CH4 loading (or landfill gas loading) as
uniformly as possible to the base of the overlying MOL; and drain
away water that seeped through theMMOS. Uniform distribution
of CH4 loading is a critical design issue. It ensures that the system
is not overloaded, thereby preventing the creation of hotspots. In
below-grade MMOS, the GDL intercepts landfill gas fluxes from
the upper boundary of the waste body or introduced through a
dedicated gas supply pipe, whereas in above-grade MMOS the
CH4 loading is introduced into the GDL through dedicated gas
supply pipes.

The materials constituting the GDL must not be prone to
cracking due to differential settlement to prevent upward gas flow
in spatially concentrated zones. Moreover, as will be discussed in
detail later, the gas conductivity (kGas) and hydraulic conductivity
(k) of the GDLmaterial must be adequate to maximize horizontal
flow of gas in the gas distribution layer (therefore ensuring
uniform distribution at the base of the MOL) and minimize
the effect of capillary barrier that naturally occurs at the interface
of materials with contrasting hydraulic properties. Optimization
of spatial gas distribution means herein that kGas of GDL material
must be significantly higher than that of the overlying MOL
material. The required difference depends on the landfill gas
pressure and the number of either designed and constructed or
naturally present gas inlets into the GDL (see also Pairing of GDL
and MOL materials regarding spatial homogenization of CH4 load).

TABLE 1 | Summary of key services candidate MOL materials need to provide.

No. Key service Aim Parameter(s)

1 Advective-diffusive gas
transport

Adequate O2 supply in relation to CH4 load for methanotrophic activity,
adequate aeration for plant root respiration.

Gas diffusivity (Deff)
Gas conductivity (kGas)
Governed by soil texture and compactionControlled upward migration of CH4

2 Water retention Favourable conditions for plant and methanotrophic activity Water retention curve (water content in relation to matric
potential)
Governed by soil texture and compaction

3 Physical attachment of MOB High cell counts of MOB Surface area
Governed by soil texture and organic matter

4 Temperature insulation Suitable temperature range for methanotrophic activity Thermal capacity and conductivity, air-filled porosity of
material
Governed by soil type, texture and compaction

5 Geochemical environment Favourable conditions for microbial and plant activity pH; Electric conductivity
Governed by content of carbonates and soluble salts

6 Nutrients Favourable conditions for plant and methanotrophic activity Plant-available nutrients (e.g. soluble P, K, Mg,
NO3

−, NH4
+)

Governed by content in clay and organic matter

MOB, methane oxidising bacteria. “Soil texture” refers to the substrate’s/soil’s particle size distribution.
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(3) Filter layer (FL)

Since the GDL is typically constructed with coarse-grained
material, whereas the MOL may be constituted of relatively finer-
textured material, it may be necessary to include a filter layer

between them. One of the filter’s main functions is preventing
particle migration from the MOL material into the GDL, which
might otherwise cause mechanical clogging at the interface
between the MOL and GDL, redirecting flow elsewhere and
possibly leading to hotspots. Particles sizes of GDL, FL and

TABLE 2 | Summary of types of methane oxidation systems and their applications.

Type Application CH4 loading to MMOS

Biofilter
A. Below-grade biofilter

Capped landfills with or without previous gas
collection system. Landfills under in-situ
aeration.

High, but controllable.
Load estimated from gas extraction system data or
from specific wells in a region of the capped landfill.

B. Above-grade biofilter

Biowindow Landfills without gas collection and sub-surface
lining system.

Lower, but uncontrollable.
Also possible: high and uncontrollable.

Remediation of hotspots on old non-sanitary
landfills or outlets for landfill gas planned from
the beginning.

Load estimated by surface flux box chamber
measurements in combination with carbon
balance method to assess oxidation efficiency (see
Supplementary Material S3).Replacement of gas wells on older landfills with

existing gas collection system, when gas
generation has become low.
The GDL can intercept visible cracks or zones of
increased gas permeability.
Biowindows can be integrated into an already
existing surface-cover. Attention must be paid
to avoiding gas flow bypassing the window
along the shorter path length at its sides.

Biocover Landfills without covers and with or without gas
collection.

Low, but uncontrollable.
Load determined by landfill gas generation
modelling.Biocovers can be also installed above an sub-

surface or already existing cover. The GDL can
intercept visible cracks or zones of increased
gas permeability.

Controllable, e.g. if gas is redirected to the GDL
from existing gas wells.
Load determined from flow and concentration
measurements on gas wells.

Frontiers in Environmental Science | www.frontiersin.org September 2022 | Volume 10 | Article 9075624

Gebert et al. Methane Oxidation Systems for Landfills

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


MOL need to observe Terzaghi’s filter rules to effectively prevent
particle migration. The second relevant function of the filter layer
is to reduce the hydraulic contrast between GDL and MOL. This
contrast leads to the formation of a capillary barrier, i.e. a zone
where the degree of water saturation in the MOL is high enough
to cause occlusion of the pores by water at its lower boundary
(Cassini et al., 2017; Ahoughalandari et al., 2018), again blocking
gas flow and eventually inducing preferential flow. Reduced
contrast as well as a sloped interface reduce the negative
impact that the capillary barrier effect may have on gas
migration. The necessity for a filter layer depends on the
contrast between the unsaturated hydraulic conductivity of the
gas distribution and the methane oxidation layer. Examples of
MMOS in which a filter layer was implemented are given by
Gebert et al. (2003), two biowindows (1,400 and 2,100 m2; Gebert
et al., 2015; Gebert et al., 2016; Gebert et al., 2017), three passive
MMOS constructed at the St-Nicéphore landfill experimental
plot (Cabral et al., 2010b; Capanema and Cabral, 2012; Roncato
and Cabral, 2012) and a recent above-grade MMOS constructed
over the old Kitchener landfill, in Kitchener, Ontario, Canada
(Nelson et al., 2021); however, there are also successful examples
that did not require the construction of a FL, such as the MMOS
using well-structured compost as substrate for MOL reported by
Huber-Humer (2004a), Scheutz et al. (2011c), Cassini et al.
(2017), and Huber-Humer et al. (2017).

(4) Methane Oxidation Layer (MOL)

The MOL must be protected from adverse conditions that may
reduce its ability to oxidize CH4, such as excessive heat or cold,
excessive moisture or lack thereof, and rapid changes in any of the
preceding. In the case of mineral soils, the MOL can be constructed
in two sublayers: the vegetated top part (usually composed of humic
topsoil, constituting the main rooting zone) and the subsoil.
Examples of an topsoil-subsoil layering are given in Gebert et al.
(2003), biofilter; Huber-Humer et al. (2009), biocover test cell;
Bour et al. (2015), laboratory column study; Gebert et al. (2015),
biowindow; Röwer et al. (2016a), biocover and Ndanga et al.
(2015); laboratory and field tests of several biofilters. The CH4

oxidation front (depth) may vary over time, depending on the
depth of ingress of atmospheric air, the composition and height
of the accruing landfill gas, and the environmental conditions
that drive the microbial process (e.g., temperature, water
tension).

The key services of and requirements on the MOL in biofilters,
biowindows or biocovers are the following (relevant phenomena
are explained in Choice of Materials):

(1) Permit advective and diffusive gas transport up (CH4 and
CO2) and down (O2) to maintain the CH4 oxidation capacity,
so that CH4 surface emissions are brought down to the
desired levels.

(2) Provide enough water retention to sustain activity of
microorganisms and plants.

(3) Offer a suitable physical environment for the attachment of
methanotrophic and cohabitating bacteria.

(4) Offer a sufficient insulation effect to maintain temperature
within suitable range for methanotrophic activity.

(5) Offer a suitable geochemical environment for
methanotrophic activity.

(6) Supply nutrients to sustain activity ofmicroorganisms and plants.

One of the main challenges, insofar as design is concerned, is to
balance the requirements on gas diffusivity (1) and water retention
(2), as they pose potentially conflicting demands on the material’s
pore space. Table 1 summarises the five key services, their associated
aims, the parameters by which each service can be assessed, and the
soil property associated with or affecting these parameters.

Main Types of Microbial Methane Oxidation
Systems
Depending on the operational status of a landfill (open, closed, after-
care), the magnitude of the production of landfill gas, whether the
existing cover is final or interim, and the presence of other relevant
infrastructure such as surface sealing (e.g., clay liner, geomembrane
or geosynthetics clay liners) and gas extraction system, different
microbial methane oxidation systems are applicable. The three most
common types of MMOS are methane oxidation filters (also called
“biofilters”), methane oxidation windows (also called “biowindows”)
and methane oxidation covers (also called “biocovers”). A summary
of these system’s applications and operational conditions are shown
in Table 2, followed by details pertaining to each. Further
information can be found in Huber-Humer et al. (2008b) and
Kjeldsen and Scheutz (2018).

Biofilters
Biofilters are self-contained fixed-bed reactors in which landfill CH4

is oxidized by methanotrophic bacteria colonizing the filter material.
They can be operated in combination with conventional surface
sealing systems and require an active or passive gas supply system
through which the landfill gas is routed to the filter. The gas supply
or gas extraction system can also be used to quantify the expected
(before dimensioning) and operational loads, and hence aid
appropriate dimensioning of the biofilter and CH4 load
monitoring. Table 2 illustrates two open systems configurations:
one below-grade and one above-grade. Biofilters can be operated
either as open (Gebert et al., 2003; Gebert et al., 2004; Powelson et al.,
2006; Cabral et al., 2010b; Roncato and Cabral, 2012) or closed
(Streese and Stegmann, 2003; Melse and Van der Werf, 2005;
Haubrichs and Widmann, 2006) reactors. In the former, the
ingress of atmospheric oxygen occurs by diffusion from the
atmosphere. In closed reactors, oxygen must be either admixed
prior to loading the gas mixture to the filter (Streese and Stegmann,
2003; Stegmann et al., 2006) or supplied through aeration of the filter
bed (Haubrichs andWidmann, 2006), unless the loaded gas mixture
already contains enough oxygen. This occurs when treating landfill
gas from a landfill under in situ aeration (Meza et al., 2021).

Open filter systems are particularly suited for passive operation,
where gas flow through the filter follows the pressure gradient between
the waste mass and the atmosphere, i.e. the gas is not actively extracted
and pumped into the MMOS. Operational conditions (e.g.
temperature, humidity) of such open systems are controlled by the
local weather and are thus subject to seasonal variability. Operational
scenarios should be reproduced – numerically or otherwise – during
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the design process. For example, when using unsaturated flow
modelling to observe the hydraulic behaviour of several MMOS
scenarios, one can adopt different weather conditions, hydraulic
parameters varying with time (to account for settlement, for
example), etc. In contrast, in the encased filter systems,
temperature, pressure and humidity can be controlled to
maximize CH4 oxidation. Consequently, open filters influenced
by ambient conditions and encased filters operated under
controlled conditions require different dimensions and different
factors of safety to treat a given CH4 load. They also comprise
different capital and operational costs. In open biofilters, the
vegetation layer provides protection against erosion through
wind and precipitation, and buffers temperature extremes. It
may also enhance aeration through the formation of secondary
macropores by the root system. Further examples of design,
construction and operation of methane oxidation filters can be
found in Zeiss (2006), Dever et al. (2011) and Parker et al. (2013).

Biowindows
Biowindows are open compartments integrated into the (often fine-
grained, cohesive) landfill top cover that do not require connection to
a gas extraction system. They are either planned from the outset or
inserted later to remediate a hotspot which developed, for example,
due to preferential pathways in the cover soil such as cracks caused by
settlement or desiccation, or by differences in degree of compaction of
the cover soil, by cracks in the transition zone between waste and cover
soil (Table 2), or by an elevated gas flow within the waste body at the
respective location. If planned, the landfill gas flows to the engineered
window due to its higher permeability compared to that of the
surrounding landfill cover. As with open-bed biofilters, atmospheric
oxygen is supplied by diffusion via the window surface. Biowindows
are particularly suited for old landfills lacking gas extraction systems
and already covered with soil. If a geosynthetic liner is present in the
final cover system, existing gaswells can be used to route the landfill gas
through the liner into the window. Possibly, further perforations in
the liner are needed to feed the necessary number of windows.
Biowindows can replace gas wells if the active gas extraction system
on closed landfills is to be turned off. While biofilters can be
operated based on known CH4 loads (measured in the gas supply
pipe), the CH4 load reaching a biowindow needs to be estimated.
For the remediation of hotspots, emission measurements in
combination with an estimate of the oxidized share (for
example using the carbon balance method; Christophersen
et al., 2001; Gebert et al., 2011c; Geck et al., 2016a, Geck et al.,
2016b) is the appropriate method of determining the CH4 load.

Examples of construction and operational details of methane
oxidation windows can be found in Jugnia et al. (2008), Philopoulos
et al. (2008), Ait-Benichou et al. (2009), Bogner et al. (2010), Scheutz
et al., 2011a), Röwer I. U. et al., 2011), Pecorini et al. (2013), Röwer
(2014) and Huber-Humer et al. (2017). The remediation of hotspots
using biowindows was investigated by Röwer et al. (2011b).

Biocovers
Biocovers, schematically illustrated inTable 2, are designed to oxidize
landfill CH4 over large tracts of the interimorfinal cover. They reduce
residual emissions after closure of the gas extraction systemwhile also
serving the general functions of the final soil cover and can be

planned and designed as part of the regular landfill design. Biocovers
can also be considered when many biofilters or biowindows are
required to treat the CH4 load. Further cases of potential retro-fitted
biocovers include old landfills whose final covers do not prevent the
occurrence of high surface CH4 concentrations. In biocovers, landfill
gas migrates into the gas distribution layer either directly from the
underlying waste or from the waste through the (partly excavated)
former cover (Table 2). If an impermeable liner or existing layer of
compacted soil caps thewastemass gas supply pipesmust be installed
to feed the gas into theGDL. For landfills with an active gas extraction
system, it is a feasible option to connect the existing gas drainage
(collection) system with its piping infrastructure to the biocover’s
GDL. Uniformity of spatial distribution needs to be achieved on a
known projectable scale.

In contrast to biofilters and biowindows, the great advantage of
biocovers lies in the large area available for biological gas treatment, and
hence the lower spatial CH4 load compared to biofilters and
biowindows. However, a major challenge with biocovers is ensuring
spatially uniform distribution of the CH4 load, especially when the
locations where landfill gas escapes from the waste into the gas
distribution layer and their respective contribution to the total flow
are unknown. The latterwill be the case if the cover is placed directly on
top of the waste mass. Also, from the perspective of moisture
distribution, there are considerable difficulties in attaining uniform
loading over great lengths due to potential accumulation ofmoisture at
the interface between theGDLand theMOL, particularly in downslope
areas. This can be addressed by insertion of drainage spots at certain
intervals along the interface to evacuate accumulated moisture, as has
been applied for engineered capillary barriers (e.g. von Der Hude et al.,
1999) or by a sloped interface between these layers. Alternatively,
choice of substrate and construction practice must include higher
methane loadings, therefore higher oxidation capacity in the
upslope area.

In general, landfill coversmust fulfil diverse tasks: theymust serve
as recultivation layer, as a water balance layer, andmust have suitable
properties for whatever after-use is envisaged. Biocovers hence may
have to meet the demands on water balance, gas balance, and
possibly on geotechnical requirements for the physical support of
the specific after-use. Biocover materials must possess enough water
retention capacity and high enough gas conductivity (kGas) and gas
diffusivity (Deff); such a combination significantly narrows down the
spectrum of suitable soil or substrate textures. Moreover, for the
construction of an entire landfill cover, large amounts of suitable
materials are required, which can become a considerable cost factor
or even a limiting issue concerning availability.

Further examples of design, construction and operation of
biocovers or corresponding test cells can be found in Barlaz et al.
(2004), Huber-Humer (2004a), Huber-Humer et al. (2008b),
Einola et al. (2009), Geck et al. (2016a), Röwer et al. (2016a,
b), and Scheutz et al. (2017).

FUNDAMENTAL CONSIDERATIONS
SUPPORTING MMOS DESIGN

The transport of gas and water through the layered system of the
MMOS dictates its capacity to abate CH4 emissions and hence
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deserves attention during the design phase. Soil texture and
compaction level govern a soil’s pore size distribution and
thereby its water retention characteristics and associated
diffusive and advective gas transport capacity (Arya and Paris,
1981; Aberg, 1992, 1996; Arya et al., 1999; Poulsen and
Blendstrup, 2008; Gebhard et al., 2009; Gebert et al., 2011a;
Smith et al., 2018; Van Verseveld and Gebert, 2020). Its heat
transfer characteristics also influence diffusive flow.

The following aspects are fundamental in MMOS design:
the water retention curve (WRC; relationship between soil
moisture and soil suction, also yielding a soil’s pore-size
distribution), the hydraulic conductivity function (kfct;
permeability to water as a function of soil suction), and the
air/gas permeability function (kG-fct; the relationship between
the soil’s gas permeability and the volumetric air porosity or
air-filled porosity) of the MOL. This section briefly reviews the
corresponding fundamental processes and mechanisms that
form the basis for proper design. The associated steps are

presented in detail in Design Steps Based on Hydraulic
Considerations.

Water Retention and Transport
The water retention curve (WRC) and hydraulic permeability
function (k-fct) are fundamental in any problem related to
unsaturated flow of water, which directly affects transport of
gas. In MMOS design, they are applied to 1) optimise for the
MOL base area receiving the gas load, using the air-filled
porosity at the point of occlusion of pores with water (θa_occ)
and the resulting length of unrestricted gas migration (LUGM)
on a slope (Design Steps Based on Hydraulic Considerations),
and the difference in gas conductivity between methane
oxidation and gas distribution layer (Pairing of GDL and
MOL materials regarding spatial homogenization of CH4

load), and to 2) optimise for the ingress of atmospheric
oxygen into the methane oxidation layer, using the soil’s
effective diffusivity (Diffusive Gas Transport).

FIGURE 1 |Water retention curves of simulated laboratory experiments on two materials forming a capillary barrier: sand (the moisture retaining layer; or MRL) and
gravel (the capillary break layer; or CBL). The wetting path is a schematic representation, i.e. not derived from actual experiments.

TABLE 3 | Relationship between pore diameter and matric potential.

Pore size class Pore diameter (µm) Suction (kPa) Meaning for water retention and gas transport

Fine <0.2 >1500 Field capacity

Medium 0.2 ‒ 10 300 ‒ 1500 Maximum amount of water that is retained against gravitation +

Fine coarse 10 ‒ 50 6 ‒ 300 very slowly percolating water

Wide coarse >50 <6 Air capacity
Always drained by gravity, available for gas transport

Adapted from Blume et al. (2016). See Supplementary Material S2 for FC and AC for different soils at different bulk densities.
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The Water Retention Curve (WRC) and Pore Size
Distribution
The WRC (Figure 1) is the constitutive relationship between
moisture in the soil (be it the gravimetric water content, w, the
volumetric water content, θw, or the degree of saturation, Sr), and
the negative water pressure (soil suction, ψ) caused by capillarity
(Barbour, 1998). Its main features are the suction at air entry value
(ψAEV), or the suction value at which air starts to enter the largest
pores, thereby causing a decrease in moisture with increasing
suction; the slope of the desaturation curve (n); the residual
water content (θw_res) and the suction at which this residual
water content is reached, i.e. the water entry value (ψWEV)
(Morel-Seytoux, 1993). Certain soils may present a hysteretic
behaviour, as shown in Figure 1. The curve to be adopted in a
conservative MMOS design is the one that gives the highest water
content for the same level of suction (for the selected soil), thereby
forcing the designer to work with the worst-case scenario of
occlusion of the pores by water. Accordingly, the drying curve,
which is also the easiest to obtain experimentally, is to be selected.

Due to the direct connection between pore radius and matric
potential (or suction; Young-Laplace equation), the WRC also
yields the pore size distribution of a soil. The sum of all pores with
a diameter of >50 μm, corresponding to a matric suction of
<6 kPa, are too large to exert the capillary forces required to
hold water against gravity and are hence available to gas
transport. This share is referred to as air capacity (AC), the
remaining share of pores is referred to as field capacity (FC),
corresponding to the maximum volume of water a soil can hold
against gravity (FAO, 1985; Blume et al., 2016; Table 3). In
Figure 1, air capacity and field capacity amount to 32 vol% and 10
vol%, respectively. Air filled porosity and distribution of this
porosity over different pore sizes determine a material’s gas
transport properties (effective diffusivity, conductivity, see Gas

transport). To derive the effective diffusivity required to warrant
the influx of atmospheric O2 that suffices to oxidise a given CH4

load, conservative MMOS design should also determine these gas
transport properties for an air-filled porosity corresponding to
the water content at field capacity, given for different soils at
different bulk densities in Supplementary Material S2. Under
field conditions dryer than field capacity, a larger volume of pores
than corresponding to air capacity are available for gas transport.

In MMOS design, the WRC of the MOL and filter materials are
ideally determined experimentally using one of a variety of methods
presented in the literature (e.g. Klute, 1986; Fredlund et al., 2002;
Vanapalli et al., 2008; Orlando et al., 2014). If it is not possible to
determine it directly, pedotransfer functions, such as proposed by
Arya and Paris (1981) can be used to approximate a material’s WRC.
With a set of experimental data (or data fromapedotransfer function),
such as the simulated laboratory results shown in Figure 1, one can fit
theWRC curve by applying one of several simplified method that use
shape-regression equations, such as the empirical models proposed by
van Genuchten (1980), and Fredlund and Xing (1994). Leong and
Rahardjo (1997) and Simms and Yanful (2002) also present several
equations to model the WRC. The parameters describing the WRC
(such as the van Genuchten parameters) are key input data in
numerical modelling (see step 3 in the section Design Steps Based
on Hydraulic Considerations).

The Hydraulic Permeability Function (k-fct)
The hydraulic permeability function (k-fct, Figure 2) is the
relationship between the hydraulic permeability of the soil and
soil suction. Its main features are the saturated permeability, ksat
(i.e. the value of k when suction is equal to zero), the slope of the
desaturation curve, and the air entry value (ψAEV). The value of
the ψAEV is the same as the one obtained from the WRC. The
k-fct, a fundamental tool in MMOS design, is one of the main

FIGURE 2 | Hydraulic permeability function (k-fct) of the same soil in Figure 1.
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input data in numerical modelling of unsaturated flow of water.
Modelling allows determination of the point along the interface
between MOL and the filter layer (part of the drainage system)
where air becomes occluded. This is explained in detail in Design
Steps Based on Hydraulic Considerations.

The k-fct can be determined experimentally Abu-Hejleh et al.
(1993), Wildenschild et al. (1997), McCartney and Zornberg
(2010a), but this is rather difficult. Consequently, the most
common method is to derive the k-fct from the WRC. The
Mualem-van Genuchten model (van Genuchten, 1980; Schaap
and Leij, 2000) is often adopted for this purpose. Pedotransfer
functions also have been incorporated into some mainstream
computer codes, such as Hydrus (Simunek and Van Genuchten,
2012). As explained in detail in step 3 (Design Steps Based on
Hydraulic Considerations), several runs of a model should be
performed to test all candidate materials.

Effect of Layering of Different Materials
The contrasting textures between soils and, therefore, the
resulting contrast in unsaturated hydraulic conductivity, may
lead to accumulation of moisture in the zone just above their
interface (finer material on top of coarser material), and may
impede gas transport across this interface. This phenomenon is
known as the capillary barrier effect. The extent of moisture
accumulation depends on material characteristics, on climate and
on physical characteristics of the cover, such as slope angle and
length. Capillary barriers can be purposely engineered to reduce
infiltration into the waste body by diverting the water downslope
within the finer material (capillary layer) just above the interface
to the coarser material (capillary block layer) (e.g. Melchior et al.,
1990; Kaempf and Montenegro, 1997; Parent and Cabral, 2005,
2006; Abdolahzadeh et al., 2011a, b; Williams et al., 2011).

In MMOS constructed with the general layering sequence
described in Typical Layouts of Methane Oxidation Systems, the
contrast between hydraulic characteristics of the materials
naturally leads to the formation of capillary barriers. Due to
downslope movement of water, when moisture levels become
high enough right above theMOL-GDL (orMOL-filter) interface,
the pores in the soil may become occluded with water, thereby
creating obstruction to gas flow. Accordingly, one of the main
challenges in MMOS design is related to the potentially
conflicting water and gas transport processes.

When pores are occluded (blocked) by water, permeability to
gas becomes lower downslope than upslope (see Advective Gas
Transport: The Gas Conductivity or Gas Permeability Function
(kG-fct)), leading to gas migration upward within the GDL,
therefore reaching the base of the MOL in areas where pores
are not blocked. Such zones with lower moisture content are
located near the top of the sloping MMOS, as observed by Berger
et al. (2005) for an experimental laboratory capillary barrier
system. In an experimental field biocover system, Geck et al.
(2016a, b) concluded that preferential upward migration caused
higher upslope CH4 concentrations within the soil and higher
surface emissions. For this same field biocover, Röwer et al.
(2016b) assessed the difference in gas diffusivity (Deff, see
Diffusive Gas Transport) and gas conductivity (kGas, see
Advective Gas Transport: The Gas Conductivity or Gas

Permeability Function (kG-fct) between downslope and upslope
areas based measurements of volumetric water content measured
in 80 cm depth, i.e. near the GDL-MOL interface. The authors
demonstrated the variability of this difference over a period of
16 months and inferred the corresponding shifts in the balance
between diffusive and advective landfill gas flow. Cabral et al.
(2010a) observed in a field experiment the same behaviour as
Geck et al. (2016a), particularly during wet periods.
Ahoughalandari and Cabral (2017a) assesed the response of
several configurations using numerical modelling, by focusing
on the location of the occlusion point along the interface. The
section Design of Microbial Methane Oxidation Systems gives
suggestions as how to minimize this phenomenon in the design
process.

Gas Transport
The soil’s or material’s gas transport properties determine the
flow of CH4 and O2 through the MOL and thereby govern system
performance. Consideration of gas transport properties and their
impacting parameters is therefore highly relevant in the design of
methane oxidation systems. Gas transport in methane oxidation
systems can be both diffusive and advective: concentration
gradients inducing diffusive transport drive the flow of CH4

from the landfill or from the gas supply pipe to the
atmosphere and the inversely oriented flow of oxygen from
the atmosphere into the methane oxidation system. The
pressure gradient between the landfill or between the outlet of
the gas supply pipe and the atmosphere induces advective
transport of landfill gas through the methane oxidation
system. Additional advective flow of atmospheric air or landfill
gas through the methane oxidation system can be driven by wind
or changes in barometric pressure, just like through any other
part of the landfill. Further, the methane oxidation process also
induces negative pressures, resulting from the consumption of
3 mol of gas (1 mol CH4, 2 mol O2), while only 1 mol of gas (CO2)
is produced, which induces advective transport of both landfill
gas and atmospheric oxygen (Huber-Humer, 2005).

Gas transport rates are governed by the interconnected
volume and the geometry (distribution of pore radii,
tortuosity) of the water-free pore space. This pore space is also
referred to as air-filled porosity (εa), or volumetric air content
(θa). Air-filled porosity equals total porosity (n) minus the
volumetric water content (θw; θa = n-θw), and, if connected,
represents the share of total porosity that is available for gas
transport (Tuli et al., 2005; Gebert et al., 2011b; Martínez et al.,
2016). Total porosity and geometric properties are determined by
the soil’s particle size distribution and compaction, and define the
soil’s permeability (unit: m2), which is an intrinsic property that is
independent of soil moisture or the through-flowing medium. In
the case of diffusive gas transport, considering soil moisture and
the viscosity of the migrating gas leads to the property of effective
gas diffusivity (unit: m2/s), often simply termed diffusivity. With
advective gas transport, consideration of moisture gives the soil’s
effective gas permeability (unit: m2). If also the kinematic viscosity
of the gas is considered, there is spoken of gas conductivity,
expressed by the coefficient of gas conductivity (kgas, unit: m/s).
This coefficient expresses the resistance of the medium to the
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movement of the gas in question when it is submitted to a
pressure gradient. This is the typical situation in MMOS, where
landfill gas is either actively fed to the GDL or enters it passively
following the pressure gradient between the waste body and the
atmosphere. In the geotechnical field, and also in this paper, the
term gas permeability is often used synonymously with the term
gas conductivity.

MMOS design (including choice of soils) and dimensioning
should also consider the possible effect of processes reducing the
air-filled porosity and hence diffusivity and gas conductivity.
These include changes in soil moisture due to precipitation and
evapotranspiration and further settlement, caused, for instance,
by self-weight consolidation or compaction during construction.
Additional long-term post-construction processes that change
pore architecture include physical (aggregation/segregation) and
biological (e.g. burrowing fauna) soil structure forming processes.
These processes should be considered in the design process and
monitored during MMOS operation.

Advective Gas Transport: The Gas Conductivity or Gas
Permeability Function (kG-fct)
The gas conductivity function relates the air-filled porosity (θa)
with the coefficient of gas conductivity (or coefficient of gas
permeability), kGas. The kG-fct can be obtained in the laboratory
following any of a variety of procedures published in the
technical literature (e.g. Iversen et al., 2001; Samingan et al.,
2003; Marinho and Teixeira 2013; Ahoughalandari et al., 2018).
In short, the soil’s volumetric air content θa is progressively
reduced (either by increasing soil moisture or soil compaction)
and the corresponding change in gas conductivity (coefficient
kGas) is measured. In the field, at the soil’s given bulk density, the
value of θa decreases if moisture is added (e.g. infiltration of
water) and increases following evapotranspiration. The best
practise is to define what is needed to obtain in terms of
pore interconnection (effective porosity) and specify
compaction accordingly. This is described in Design Steps

Based on Hydraulic Considerations. General requirements on
gas permeability/conductivity are formulated in Materials for
the Methane Oxidation Layer (MOL).

Effect of Soil Moisture
Figure 3 presents two types of behaviours one can expect to find
when determining the kG-fct by varying soil moisture. In the field
this would correspond to periods of increased precipitation and/
or lowered evapotranspiration. On the left (fine sand), there is a
single sharp drop in kGas when the interconnected pores most

FIGURE 3 | Gas permeability function with volumetric air content (or air-filled porosity εa) adjusted by soil moisture: single drop (fine sand, left) and dual-drop
(compost-sand mixture, right). Fluid = air. Adapted from Ahoughalandari et al. (2018).

FIGURE 4 | Gas permeability function (fluid = air) with air-filled porosity
(εa) adjusted by soil moisture in different sandy candidate MOL soils. Adapted
from Gebert et al. (2019). θa_occ not reached for soils 1, 4 and 5.
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relevant to advective gas transport become blocked by water,
causing discontinuity of the air-filled pore space. The associated
value of volumetric air content is denominated θa_occ. In the other
case (compost with sand admixture, Figure 3, right), two drops in
kGas were identified upon addition of water, pointing at a bimodal
distribution of large-diameter pores. Usually these pores retain
much less water by capillary forces; as a result, water is drained
out, therefore causing a recovery of gas conductivity.

As suggested by Ahoughalandari et al. (2018), a conservative
approach with MOL materials presenting the behaviour shown on
the right of Figure 3 is to consider occlusion when the first drop is
obtained. This point was termed conservative volumetric air content,
or θa_Cons_occ. Figure 3 shows that, for the materials tested, density
(corresponding to the following degrees of compaction: 100, 94 and
89%) did not significantly affect the value of θa_occ (or θa_Cons_occ),
while it had a minor effect on the kG_fct.

ForMMOS design, the relevant parameter is the volumetric air
content at occlusion, θa_occ (or θa_Cons_occ) (Design Steps Based on
Hydraulic Considerations). Ahoughalandari et al. (2018)
presented the various steps to obtain the volumetric air
content at occlusion (θa_occ) using the air (gas) permeability
function (ka-function) of the MOL material. They also
presented a more expeditious method to estimate θa_occ in the
absence of the ka-function; in this case, the Standard Proctor
curve of the MOL candidate material can be used. In certain types
of soils, such as sandy soils, θa_occ correspond approximately to
the soil’s air capacity, i.e. the share of air-filled pores at a matric
potential of −6 kPa.

The gas permeability function is controlled by changes in soil
moisture and the value of θa_occ depends on the soil’s particle size
distribution and the degree of compaction (or relative density), which,
combined determine the distribution of pore radii in the soil. The

addition of water to dry soil usually leads to soil pores being filled in
the order of decreasing capillary suction (lower matric potential), i.e.
finer pores are saturated first and coarser pores later. As far as gas
transport through soils is concerned, larger diameter pores can
provide unrestricted flow paths as long as their number and
interconnectivity are sufficient. Consequently, in more coarsely
textured substrates the susceptibility to moisture content variation
can even be lower than for the fine sand shown in Figure 3. This can
be observed in Figure 4, which shows how kGas for four sandy MOL
materials compacted to the same relative density (properties
presented in Gebert et al., 2019) evolved with varying air-
filled porosity. Addition of water hardly affected the value of
the coefficient of gas conductivity, meaning that these soils
maintained a high share of well-drained interconnected pores.
For soil 1, even an increase in kGas with increasing moisture
could be observed, which was associated with structure forming
processes that increased the share of large diameter pores (Van
Verseveld and Gebert, 2020). In this experiment, only for soil
two the critical threshold of θa_occ was reached by the levels of
moisture tested.

Effect of Soil Compaction
Soil compaction first reduces the large-diameter pores. With
increasing compaction energy smaller pore diameters are also
affected (Møldrup et al., 2001; Richard et al., 2001; Gebhardt
et al., 2009; Gebert et al., 2011a; Wickramarachchi et al., 2011;
van Verseveld and Gebert, 2020). Since the pore radius affects
advective flow to the power of four (Hagen-Poiseuille’s law), the gas
conductivity (coefficient kGas) is strongly impacted by a
decrease in large diameter pores due to compaction, for
example during MMOS construction. Poulsen and
Blendstrup (2008) obtained a log-linear decrease of gas
conductivity with increasing compaction effort, which was
also found by Gebert et al. (2019) for seven different
candidate MOL soils (Figure 5). The latter was also
observed that the change in gas conductivity with changing
air-filled porosity varied significantly for the different soils,
presumably due to the differing share of large-diameter pores.

Due to the importance of kGas for the spatial distribution of the
landfill gas in the GDL underneath the MOL, the degree of MOL
compaction has to be considered in system design (see Materials
for the methane oxidation layer (MOL), Pairing of GDL and MOL
materials regarding spatial homogenization of CH4 load).
Empirical data of air capacity (air-filled porosity at maximum
water retention, corresponding to a suction of −6 kPa) for
different soil textures and bulk densities for mineral soil
substrates are given in Supplementary Material S2.

Diffusive Gas Transport
In contrast to gas conductivity, the absolute share of water-free
pores is relevant for soil gas diffusivity, irrespective of how this
share is distributed over the various pore radii. This assumes that
Knudsen diffusion, which is governed by collisions between gas
molecules and pore walls dominating over intermolecular
collisions (Warrick, 2002), is irrelevant for the coarsely textured
soils used in MMOS. Knudsen diffusion only becomes dominant
for pore diameters below 0.1 μm (De Visscher and Van Cleemput,

FIGURE 5 | Gas permeability function (fluid = air) with air-filled porosity
(εa) adjusted by degree of soil compaction in different sandy candidate MOL
soils. Note logarithmic scale on y-axis. From Gebert et al. (2019).
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2003a) which are fine pores mainly associated with clay and filled
with water.

In line with what was argued above it has been observed that
gas diffusivity declines almost linearly with decreasing air-filled
porosity (θa), as also described by Penman (1940), and is strongly
affected by the level of soil moisture in the five investigated sandy
soils (Figure 6, left). All five soils fit a similar near-linear
relationship, only with values of θa below 10–15% diffusivity
levels off slightly. Seasonal changes in soil moisture, diminishing
θa, therefore greatly affect the diffusive ingress of atmospheric
oxygen and hence the CH4 oxidation capacity. Because in the
investigated soils diffusivity was insensitive to the pore diameter
and hence Knudsen diffusion was not relevant, the effect of
diminishing θa by increasing soil moisture was within the
same range as when air-filled porosity was reduced by
increasing compaction levels (Figure 6, right).

Various authors have observed a non-linear decline of diffusivity
with decreasing air-filled porosity (Richter et al., 1991;Møldrup et al.,
2000; Allaire et al., 2008; Gebert et al., 2011a), meaning a less than
proportional diffusivity at lower shares of air-filled porosity (θa).
Examples of models describing this behaviour include those by
Buckingham (1904), Millington and Quirk (1961), Troeh et al.
(1982) and Møldrup et al. (2005), see also a review by Werner
et al. (2004). The effect can be explained by increased tortuosity and
reduced connectivity of the remaining air-filled pores at high
moisture contents or high levels of compaction and is more likely
to be relevant in soils with a relevant share of fine grains and therefore
smaller average pore radii. In coarse-grained, sandy soils such as the
ones depicted in Figure 6, pore connectivity and tortuosity appear to
limit diffusivity to a lesser extent at low values of θa.

In contrast to gas conductivity (Figure 5), effective diffusivity
declined (only) linearly with the compaction-induced decrease in
air-filled porosity (Figure 6, right). This indicates that

conductivity and, hence, advective gas transport is affected
more significantly by compaction-related loss of large diameter
pores than diffusive gas transport. Also, the slope of Deff over air
filled porosity εa (specific diffusivity, Dspec = Deff/εa), a measure of
the efficiency of the pore system to transport the gas, was much
more similar for the different soils than the changes in specific
conductivity (kspec = kGas/εa) with changing air-filled porosity.
This indicates that the pore size distribution, specific for each
individual soil, plays a greater role for advective than for diffusive
transport.

The requirements on the soil’s diffusivity in relation to the
design CH4 load are described in Materials for the Methane
Oxidation Layer (MOL). For mineral soils, generic relationships
between particle size distribution, compaction (bulk density) and
air-filled porosity at maximum water retention can be derived
from Supplementary Material S4 and used to infer the soil’s
effective diffusion coefficient. For composts, they have to be
determined case-specifically.

DESIGN OF MICROBIAL METHANE
OXIDATION SYSTEMS

Steps in MMOS Design
The following steps, presented in chronological order, are
suggested for an optimized design, construction and operation
of a methane oxidation system.

Defining the Abatement Target
The targets for implementing a methane oxidation system to treat
residual emissions can be many-fold. In most cases they also depend
on specific local aspects like the proximity of nearby housing, the
intended post-closure after-use of the landfill, whether the site will be

FIGURE 6 | Effective gas diffusivity (Deff) in relation to air-filled porosity (εa), adjusted by soil moisture (left) and by degree of compaction (right) in different sandy
candidate MOL soils. Fluid = artificial landfill gas mixture. Adapted from Gebert et al. (2019).
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accessible to the public or not, or the cost-effectiveness of the
measure. Examples of possible targets are the reduction of
climate-forcing emissions and/or warranting safe on-site
conditions by minimising the risk of explosive CH4

concentrations at the landfill surface. Sometimes the target is
set to just improve the current situation with no further
specific requirement on system performance. These general
targets can then be differentiated based on, for example,
acceptable emissions and surface concentrations, spatial
targets (e.g. certain parts of the landfill must be emission-
free), oxidation targets (e.g. an average reduction or a certain
percentile of the load must be abated), and temporal targets
(e.g. oxidation target always met, including stress states such as
low temperatures or not).

As the motivation for control of residual emissions and the
specific situation of each landfill is highly diverse, the definition of
abatement targets is subject to consideration by the relevant
stakeholders (e.g., competent authorities, municipalities,
operators). The abatement target for any site incurs different
requirements on the design process. In different countries
different general targets are pursued, and, in parts, target
values are proposed for emission levels, oxidation rates, and
oxidation efficiencies (Ritzkowski, 2018; Supplementary
Material S1).

Estimation of the Methane Flux to Be Treated
Depending on the boundary conditions, the following options are
conceived to estimate CH4 fluxes:

(1) If a gas collection system is present and the methane
oxidation system shall be connected to it, gas composition
and flow rate (i.e. CH4 load) are easily determined at the gas
collection system (gas well, outlet pipe leading to methane
oxidation system etc.). The CH4 load can either be
determined under passive conditions (gas flow following
pressure difference between landfill and atmosphere only),
or by a gas pumping test. The latter allows loading estimation
within the sphere of influence of the specific well.

(2) If the methane oxidation system serves to remediate a
hotspot, a baseline study should be performed to assess
the greatest CH4 emission possible from the hotspot under
a worst-case scenario. Accordingly, measurements should be
carried out when, for example, soil moisture values are high,
temperatures are low, and atmospheric pressure is
decreasing. This would ensure minimal (to none) CH4

oxidation within the cover material during measurement.
The convergence of load and emission can be ascertained by
measuring the ratio of CH4 and CO2 in the emitted gas. If this
ratio equals the one measured in the landfill gas, it can be
assumed that there is no oxidation (carbon balance approach,
Christophersen et al., 2001; Gebert et al., 2011c; Geck et al.,
2016a).

(3) If the MMOS is a biocover to be implemented over the entire
landfill or landfill cell, and if no recent or reliable data on gas
generation of the underlying waste body are available, gas
generation can be estimated using gas prognosis models (an
overview is given by Scharff and Jacobs, 2006; Andreottola

et al., 2019; Sun et al., 2019; Lagos et al., 2017). The reliability
of gas production modelling depends highly on the available
information on the waste in place and its time of deposition;
the resulting uncertainty needs to be considered.

Choice of Materials
This section describes the requirements on materials for use in
MMOS layers, including the respective rationale. The parameters
that should be analysed to assess the materials’ suitability and the
respective analytical methods are given in Supplementary
Material S4.

Gas Distribution Layer (GDL)
GDL material should exhibit long-term stability and be inert to
any biogeochemical reactions that would otherwise change its
pore structure. It should also have very low (to nil) organic and
inorganic carbon content. The increased partial pressure in
carbon dioxide can result in precipitation of carbonates and
hence in the reduction of pore volume available for gas
transport (Humer and Lechner, 2001b).

Since the GDL is in a zone of changing redox conditions, the
material should be free of dissolvable iron to avoid mobilisation
and precipitation of iron oxides/hydroxides clogging the pore
space. Corresponding recommendations have been formulated in
the German technical guidance document on methane oxidation
covers (LAGA Ad hoc AG Deponietechnik, 2020). Carbonate-
poor or carbonate-free gravels, crushed glass and coarse quartz
sands represent suitable materials. Recycled coarse materials (e.g.
from Construction-Demolition-Renovation industries), if
carbonate-free, or tire-shreds, could also be considered, if the
risk of pollution or generation of H2S (as is the case with materials
containing gypsum) and other odorous gases or CH4 are not a
concern.

To warrant maximum conductivity for gas and water,
GDL material should be characterised by particle
diameters in the range of coarse sands or greater. Such a
choice will result in a material with pores large enough to
always drain freely and, thus, minimize water retention
capacity, which is desirable.

Drainage layers made with geo-nets sandwiched between
nonwoven geotextiles (McCartney and Zornberg 2010b) are
only suitable as GDL if the load by the overlying MOL does
not compress them to an extent that their conductivity to gas and
water become too low. Precipitation of solutes, growth of biofilm
and capillary effects at the soil-geotextile interface may also be a
concern (blocking of pores). Further research would be required
to assess the efficiency of geosynthetics (such as geocomposite
drainage layers) in MMOS applications.

Finally, as far as thickness of coarse-grained materials is
concerned, a few centimetres would suffice. However, the
thicknesses of the GDL is dictated by constructability with
available construction equipment and is typically
recommended to be >0.1–0.3 m (for example, DepV, 2009;
Nordic Council of Ministers, 2009; Sarsby, 2000). When
applying loading using fishbone-like piping, it is advisable to
cover the piping with the GDLmaterial before laying down a filter
layer if necessary.
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Filter Layer (FL)
As is the case of the gas distribution layer, the filter layer (if
applied) is in a zone of changing redox conditions. Accordingly,
one should choose materials free of dissolvable iron. When
designing with granular materials, use of known conservative
filter criteria (e.g. Messerklinger, 2013; U.S. Corps of Engineers,
1986) should be sufficient to prevent erosion of the MOL
material, while maintaining high-enough permeability/
diffusivity of water and gas. Filter layer thickness also
depends on constructability.

If geosynthetic materials are used, a conservative filter criterion
must be adopted (e.g. Giroud, 2010). Using geosynthetics increases
the risk of interface effects such as clogging by fine particles and/or
iron oxides/hydroxides or by biofilm growth.

Materials for the Methane Oxidation Layer (MOL)
The requirements on material properties suggested in the
following concern both mineral and organic materials, with
the obvious exception of requirements on organic matter content.

Physical and hydraulic properties. Soil physical properties,
including hydraulic properties, are the main controlling
factors of gas exchange between the soil and the atmosphere
(Richter et al., 1991; Poulsen and Blendstrup, 2008; Gebhardt
et al., 2009; Smith et al., 2018), and between the different layers
within the MMOS (Ahoughalandari et al., 2017a;
Ahoughalandari et al. 2017b; Ahoughalandari et al. 2018).
Therefore, they play a prominent role in the design and
performance of MMOS (Gebert et al., 2011a; Rachor et al.,
2011; Van Verseveld and Gebert, 2020). Detailed design steps
using hydraulic properties are presented in Design Steps Based
on Hydraulic Considerations.

Compaction of the MOLmaterial must be kept to a minimum.
The use of compactors or too many passes thereof are to be
avoided. The MOL material must be placed at a density that
ensures its physical stability (such as slope stability in the case of
biocovers) and reduces further compaction due to water
infiltration or self-weight consolidation. For organic materials,
microbial degradation will increase the degree of consolidation
after construction., depending on the share of degradable organic
matter still present. Accordingly, the pore-size distribution will be
affected, thereby affecting water retention and gas transport
properties of the MOL. This type of preoccupation must be
incorporated in the design phase.

Compaction of the MOL may be necessary to optimize the
difference in gas conductivity between MOL and GDL, which is
needed to ensure spatial spread of the CH4 load at the base of the
MOL, i.e. its uniform distribution. In proper design, these
requirements must be balanced against the incurred reduction
in MOL diffusivity.

MOL material must meet the following requirements:

(1) Long-term stability: To foster nutrient availability, soil
structure, and water retention, organic matter is necessary.
However, to avoid biological degradation and, hence, sustain
gas permeability and MMOS functionality, designers must
carefully consider using materials with minimal degradable

organic matter contents (for organic materials, see Use of
MOLMaterials Rich in Organic Matter). In view of long-term
stability, natural humus as usually present in mineral topsoils
is favoured. Most topsoils can support microbial activity and
sustain a vegetated cover.

(2) The contrast in hydraulic properties will inevitably create
one or more capillary barriers within the MMOS. One major
design concern is, therefore, avoiding widespread and
permanent water clogging at the interfaces (mainly MOL/
filter or MOL/GDL), which would hinder gas transport.
Some level of clogging during wetter periods can be
incorporated into the design. The focus point is on the
volumetric air content at occlusion, θa_occ, and the
associated volumetric water content at occlusion, θw_occ
(see Water retention and transport, Gas Transport, Effect
of Layering of Different Materials). The design steps
associated with this concern are addressed in Design Steps
Based on Hydraulic Considerations.

(3) The gas conductivity coefficient or coefficient of gas
permeability (kGas), of the MOL, where landfill gas migrates
vertically, must be lower than the gas conductivity of the GDL,
where gas migrates horizontally, i.e. kGas_MOL << kGas_GDL.
This ensures that landfill gas does not enter theMOL right above
the gas feed lines or through cracks; on the contrary, the contrast
in gas conductivity coefficients forces pressure loss to be
homogenized over all path lengths, near or far to the gas inlet
point (see Pairing of GDL and MOL materials regarding spatial
homogenization of CH4 load). The magnitude of the difference
between kGas_MOL and kGas_GDL needs to be assessed during
the design phase.

(4) High air capacity: Gas diffusivity, and hence the O2 ingress
required for CH4 oxidation are strongly linked to the share
of freely draining pores available for gas transport, i.e.
pores with equivalent diameter greater than 50 µm
(Richter and Grossgebauer, 1978; Richter et al., 1991;
Møldrup et al., 2000; Allaire et al., 2008; Gebert et al.,
2011a). This share is referred to as “air capacity.” A
conservative design must consider the state of
maximum water retention (“field capacity” condition)
incurred, for example, after an abundant precipitation.
The air capacity comprises the share of pores that are easily
drained, even under a condition of maximum water
retention. As such, they remain open for gas transport.
A minimum “through gate” of interconnected water-free
pores, i.e. air-filled porosity above the point of occlusion
(θa occ), through which oxygen can diffuse into the MOL,
must be maintained. Empirical data of air capacity for
different soil textures and bulk densities for mineral soil
substrates are given in Supplementary Material S2. The
required air capacity depends on the CH4 flux to be treated
(Estimation of the Methane Flux to be Treated) and the
expected CH4 oxidation capacity of the MOL material
(Estimation of methane oxidation capacity).

(5) Available field capacity: If the methane oxidation system is
part of a recultivation layer or a water balance layer,
requirements on plant-available field capacity should be
met, balancing the water demand by vegetation with the
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potential evapotranspiration under the given climatic
conditions. For instance, in Germany (temperate European
climate) the requirements listed in attachment 1 section 2.3.1
of the landfill order (DepV, 2009) must be observed: the
recultivation layer should be at least 1 m thick and have an
available field capacity of 140 mm. A dedicated water balance
layer must be at least 1.5 m thick at an available field capacity
of 200 mm. Empirical data on available field capacity for
different textures and different bulk densities are given in
Supplementary Material S2.

(6) Susceptibility to compaction: Compaction should in general
be kept to a minimum, preventing a decrease in air capacity,
and ensuring continuity of the air-filled pores. The sensitivity
of air-filled porosity to compaction (increasing bulk density)
for differently textured soils can be derived from Table 1 in
Supplementary Material S2. Well graded soils are generally
more susceptible to compaction than soils with a narrow range
of particle diameter. Some compaction of MOL material is
usually needed to create a contrast in kGas between theMOL and
GDL, or to prevent unwanted post-construction settlement. In
the planning process, an end value of bulk density for a given
MOL candidate material should be defined, and all relevant
properties should be determined for the associated relative
compaction (Proctor density).

(7) Susceptibility towards crack formation: Secondary macropores,
such as cracks and clefts resulting from soil aggregation and/or
settlement or desiccation, create preferential pathways for gas
migration and are a frequent cause of high local emissions. Fine-
grained loamy textures, which are prone to aggregation due to
their clay content, are hence not suitable for methane oxidation
layers. In addition, such fine-grained soils hold too much water,
which can obstruct gas diffusion.

If mineral soils are to be used as MOL material, a texture
dominated by the sand fraction or artificial mineral substrates
such as porous clay (Gebert et al., 2003; Gebert et al., 2009) or
perlite (Pratt et al., 2012) are excellent candidates to be employed
in methane oxidation systems, given the above criteria.
Supplementary Material S2 provides values for air capacity,
field capacity, and available field capacity for a large range of
particle size distributions (textures) of mineral soils, useful to
deduce gas conductivity and diffusivity (air capacity, in
connection with Gas transport), water retention (field capacity)
and its plant available share (available field capacity).

Chemical properties. To offer a geochemical environment
favourable for methanotrophic activity and to provide
adequate nutrient supply, MOL materials should have the
following chemical properties:

(1) pH value: Between 5.5 and 8.5 (Scheutz et al., 2009a), which is
the optimum pH for methanotrophs reported in the literature.

(2) Organic matter content between 2 and 8% with respect to dry
weight for mineral soils forming the topsoil, (TOC = 1–4%) less
than 1% for the subsoil; to enhance nutrient supply and plant-
available field capacity. Organic rich materials like composts are
an exception, see Use of MOL materials rich in organic matter.

(3) Electric conductivity: lower than 4mS/cm. At higher values,
methanotrophic activity declines significantly due to osmotic
stress (Gebert et al., 2003; Zhang et al., 2011). Thermally treated
materials (such as porous clay, construction and demolition
residues) are prone to elevated salt concentrations.

(4) Ammonium: Ammonium (NH4
+) competes with CH4

enzymatic binding sites and has been reported to inhibit
CH4 oxidation (e.g. De Visscher and Van Cleemput, 2003b).
Materials with high NH4

+ concentrations as part of the
mineral N fraction should therefore be avoided.

Use of MOL Materials Rich in Organic Matter
Organic materials such as compost are frequently used solely or as an
amendment to mineral covers (e.g., Humer and Lechner, 2001a, b;
Barlaz et al., 2004; Huber-Humer et al., 2011) or as filter beds (mixed
or not with soils or other structuring materials) for biofilters (Du
Plessis et al., 2003;Dever et al., 2011) and biowindows (Pedersen et al.,
2011; Roncato andCabral, 2012; Capanema et al., 2013; Ndanga et al.,
2013; Cassini et al., 2017). Composts usually offer high nutrient
supply, high surface area for microbial colonisation; but also, high
water retention capacity. Due to the presence of coarse pores, gas
diffusivity as well as gas and water conductivity are generally high.
Thermal conductivity in porous compost substrates is generally low,
resulting in greater insulation within the cover that would be
beneficial to CH4 oxidation rates under cooler climatic conditions,
since self-heating due to the exothermic methane oxidation process
can positively impact the overall MMOS (Huber-Humer, 2004a).
However, there may be a further undesired increase in temperature
within the MOL due to the decomposition process of the organic
material, if too immature compost materials are applied. This could
have the opposite effect especially in warmer seasons; however, this
effect has not yet been documented in the scientific literature.

High CH4 oxidation rates up to 24 g m−2 h−1 have been
observed for composts (Felske 2003; Scheutz et al., 2003,
2009b; Huber-Humer, 2004a; Barlaz et al., 2004; Wilshusen
et al., 2004; Abichou et al., 2006, 2009; Haubrichs and
Widmann, 2006; Mor et al., 2006; Stern et al., 2007;
Tanthachoon et al., 2008; Philopoulos et al., 2009; Huber-
Humer et al., 2011; Pawlowska et al., 2011; Mei et al., 2015)
and up to 33 g m−2 h−1 for compost mixed with sand (Roncato
and Cabral, 2012). Another advantage of compost is that it is
usually easily available at a low cost.

Themain disadvantage of organicmaterials lies in their microbial
degradability, eventually leading to settlement and a subsequent
reduction of gas permeability/conductivity and diffusivity. Mixing
compost with rather inert structuring materials, such as large wood
chips or mineral soils, reduces the problems related to diminished
permeability/diffusivity. Further, the aerobic degradation of organic
matter competes with the high oxygen requirements of the CH4

oxidation process (Scheutz et al., 2011b). Therefore, the organic
substance must be “stable,” meaning not easily degradable and
available for microorganisms. The Austrian guideline on methane
oxidation layers (ÖVA, 2008), for example, therefore stipulates a
maximum respiratory activity of <8mg O2 per g dry substance
measured over 7 days. Under moist conditions, high content of
organic matter that is not sufficiently humified and hence stabilised,
enhances the formation of anaerobic niches and can lead to the
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formation of CH4 from the methane oxidation system or the landfill
cover itself (Barlaz et al., 2004; Scheutz et al., 2009b; Bogner et al.,
2011). Mei et al. (2015) observed CH4 generation from aged green
waste (not treated by composting) that met the respiration
(maturity) requirement of <8mg O2 gDS 7d

−1 and that had been
classified as “very mature” according to the California Compost
Quality Council, 2001). However, in this study, inhibition of
microbial respiration may have occurred during respiration tests
due to low pH-values, which can lead to longer lag-phases and thus
suppressed respiration values in the 7-day testing process.

More recently, the potential of biochar to enhance CH4 oxidation
has been investigated. Biochar is a porous carbon-rich product made
from pyrolysis of biomass produced in air-free conditions at
350–750°C. Literature suggests that amending soils with biochar
can positively impact soil health by changing physicochemical and
biological properties of soils (Vijay et al., 2021). Biochars have large
surface areas, increase soil porosity, water retention, reduce soil bulk
density, and change soil texture (Yi et al., 2020). These characteristics
make biochar a suitable amendment for MOS. Biochars have been
used as a soil amendment to enhance CH4 oxidation in landfill
covers, where CH4 removal rates were enhanced with biochar when
incubated over 500 days (Yargicoglu and Reddy 2017a). Biochar
application rate of 2% (w/dw) at 5–6% gravimetric moisture content
was correlated with enhanced methane oxidation rates (Yargicoglu
and Reddy, 2017a), and the highest methane oxidation rates were
observed on landfill cover soil amended with 10% (w/dw) biochar
(Yargicoglu and Reddy, 2018). The results from these experiments
suggested that biochar surface pores enabled higher water sorption
than the control soils, thereby enhancing the population of
methanotrophs (Zornberg et al., 2010; Yargicoglu and Reddy,
2017a; Yargicoglu and Reddy, 2017b; Yargicoglu and Reddy, 2018).

Overall, the use of degradable organic materials such as composts
requires enhanced quality control (chemical and particularly
biological stability parameters) and monitoring effort, especially
with respect to settlement, moisture accumulation and
competition for available O2. As mentioned previously, mixing
compost with structuring materials, such as large wood chips or
mineral soils may reduce occurrence of blockage due to excess water
accumulation or diminished diffusivity. Loosening the MOL, in case
of compaction, or excavation and exchange of MOLmaterial can be
part of the design strategy that would render mature compost a
viable option.

Pairing of GDL and MOL Materials Regarding Spatial
Homogenization of CH4 Load
Uniform spatial CH4 load distribution reaching the MOL prevents
overloading and hotspot formation. This can be accomplished by
considering the following concerns: The first relates to the extent of
pore blockage due to water seepage and accumulation along the
MOL/GDL (or FL) interface. One of the design goals must be to
maximize the length of unrestricted gas migration (LUGM,
explained in detail in Design Steps Based on Hydraulic
Considerations) along the sloped interface. In other words, the
design must ensure that the area where biogas can enter the
MOL is maximized.

The second relates to minimization of the difference in
pressure loss between the longest path and the shortest path

(the latter being typically straight up from the gas inlet point to
the MOL) followed by the landfill gas before reaching the base
of the MOL. This is achieved when the kGas of the GDL exceeds
kGas of the MOL. The magnitude of the difference between
kGas_MOL and kGas_GDL needs to be assessed during the
design phase. The design goal should be to minimize
differences in pressure loss within the GDL over its base
area. The necessary difference in conductivity depends on
the distance between gas inlet points in the GDL and on
the acceptable differences in pressure loss. For example,
if the pressure loss difference between the closest (higher)
and the farthest (lower) point is 5%, then the closest point
would receive a correspondingly higher CH4 load. This would
require a higher CH4 oxidation capacity at the closest point in
order not to have any emissions. Depending on the robustness
of the design, the methanotrophic population can easily adapt
to a slightly higher load. Alternatively, small differences in
efficiency across the site could also be accepted.

Typical GDL materials, such as coarse sand or gravel, have a
high share in large diameter pores and retain very little water,
warranting a high gas conductivity. The difference in gas
conductivity between GDL and MOL is, therefore, mostly
driven by the properties of the MOL material. Which soil
texture, degree of compaction and, hence, construction
practice is adequate, depends on the magnitude of the bottom
landfill gas flux and the area over which the gas loading must be
distributed. In case that a gas supply system is available,
perforated tubing could also be used to enhance spatial
distribution of gas within the GDL.

Estimation of Methane Oxidation Capacity
The CH4 oxidation capacity of a material under specific
environmental conditions can be determined in laboratory
tests such as batch or column test sets (see an overview in
Tables 2, 3 of Scheutz et al., 2009a). An estimate of the CH4

oxidation capacity under expected field conditions can be
obtained using different models. The Methane Oxidation Tool
(MOT, Gebert et al., 2011d), for example, considers the impact of
the three most relevant influential factors on the CH4 oxidation
process: soil temperature, water potential (or matric suction) and
water-free (air-filled) pore volume and calculates an oxidation
potential based on empirical relationships between these
parameters and observed CH4 oxidation and O2 diffusion
rates. As soil temperature and matric suction are dependent
on the local climate, the most relevant factor that can be
designed for is the air-filled porosity, governing diffusive
ingress of O2 (Figure 6) and hence the soil’s CH4 oxidation
capacity. Design is made by choice of a soil with appropriate
particle size distribution and its level of compaction
(Supplementary Material S2). If the available area is limited,
it is also possible to follow an inverse approach: the MOT can be
used to calculate requirements on water-free porosity, and
therefore, on particle size distribution and density required to
reach the CH4 oxidation capacity that meets the desired design
levels, for a given area. In a further iteration, the plausibility of the
calculated required capacity then needs to be assessed using the
available literature.
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A more refined approach has been introduced by Spokas et al.
(2011), presenting a process-based inventory model for landfill
CH4 emissions considering seasonal variability of soil
microclimate and CH4 oxidation activity (California Landfill
Methane Inventory Model, CALMIM). However, CALMIM
considers diffusion as the sole gas transport mechanism,
neglecting advective processes. Abichou et al. (2009) developed
a numerical model to simulate CH4 transport and oxidation
through a biocover. This model includes governing equations
to simulate advective and diffusive transport, and CH4 oxidation.
The role of vegetation can also be simulated by the model
(Abichou et al., 2011; Abichou et al., 2015). Molins and
Mayer, 2007, Molins et al., 2008) and De Visscher and Van
Cleemput (2003a) provide a substrate-concentration dependent
kinetic CH4 oxidation model that is coupled to gas transport
models.

As system design must cover the long-term perspective, it is
important to consider the possible reduction in air capacity or the
large diameter pores due to expected self-consolidation after
placement of the methane oxidation layer (see Supplementary
Material S3, settlement). Also, clogging of the pore system due to
biofilm growth can reduce permeability, particularly under high
loads, and has so far mainly been reported for compost-based
MMOS (Hilger et al., 1999; Wilshusen et al., 2004). The
consequences from reduced diffusivity and conductivity on
system performance – therefore on emissions calculations and
subsequent reporting – can be calculated using settlement,
water content, and suction data. With such data, one can
reassess the saturated hydraulic permeability (Abdolahzadeh
et al., 2011b), redraw the water retention curve and the kfct,
and use the MOT, CALMIM, or other appropriate models to
continuously assess the oxidation rate over large areas with
greater precision.

In MMOS design, the estimated CH4 oxidation capacity is
valid for the MOL area that is loaded with landfill methane, hence
the area corresponding to the length of unrestricted gas migration
(LUGM) at the MOL-GDL interface (Design Steps Based on
Hydraulic Considerations).

Assessment of the Variability of the CH4 Load and
Oxidation Rate
To obtain a reliable estimate of both CH4 load and CH4 oxidation
rate, a baseline data pool providing a statistically sound basis to
design the MMOS must be available or must be generated. This
baseline study should cover measured or modelled data on the
possible temporal variability, including states of stress induced by,
for example, very high or very low temperatures and very high
and very low moisture contents.

By example, the dimensioning approach described in the
Austrian guideline on methane oxidation covers (ÖVA, 2008)
relies on the maximal CH4 oxidation capacity (= oxidation
potential) of the selected material for the MOL (determined
under suitable and controlled conditions in lab pre-tests at
20°C) and the maximal expected (calculated/measured) CH4

load per m2 in the field should - with respect to safety issues -
not exceed 50% of the determined oxidation capacity in the lab.

Examples of studies and factors driving variability of emissions
and CH4 oxidation in the field are:

(1) Atmospheric pressure: Czepiel et al. (2003); Gebert and
Groengroeft (2006b); Nwachukwu and Anonye (2013);
Poulsen et al. (2013); Rachor et al. (2013); Xu et al. (2014).

(2) Wind: Poulsen and Møldrup (2006).
(3) Soil temperature and moisture: Borjesson et al. (2004);

Ishigaki et al. (2005); Gebert and Groengroeft (2006a);
Jugnia et al. (2008); Tecle et al. (2008); Rachor et al. (2013);
Zhang et al. (2011), Geck et al. (2016a).

(4) CH4 concentration and load: Dever et al. (2005); Röwer
et al. (2011); Geck et al. (2016b).

In case that the gas load to the MMOS is not routed through a
gas supply pipe but migrates freely from the waste body into the
GDL, the spatial variability of the CH4 load from the waste to
the MMOS-to-be-built should be assessed during the
baseline study.

Design Steps Based on Hydraulic Considerations
Microbial methane oxidation systems are often built on slopes,
as the surface of many landfills is sloped. If built on a plateau, the
interface of MOL and GDL should be sloped to facilitate
drainage of percolating water. Specific challenges are posed
to system design due to the potentially conflicting water and
gas transport processes, as discussed in Gas transport. The
contrasting textures between coarse GDL and finer MOL
material, and therefore, their contrasting hydraulic properties
create a capillary break, which leads to accumulation of
moisture in the zone just above their interface. This
phenomenon of moisture accumulation, the capillary barrier
effect, depends on material characteristics, on climate and,
further, on construction design (amongst others slope angle
and diversion length). Upslope migration of landfill gas may
lead to areas that become overloaded with CH4, which result in
higher surface emissions, or hotspots (Wawra and Holfelder,
2003; Berger et al., 2005; Geck et al., 2016b; Röwer et al., 2016b).
Further, lateral migration within the GDL redirects gas flow to
the side walls of the MMOS, a zone sensitive to the development
of preferential pathways. One relevant goal in MMOS design is
therefore the maximization of the area or path length free of
obstruction to gas migration.

Ahoughalandari et al. (2018) introduced a design criterion that
translates the concern about pore occlusion at interfaces: The
Length of Unrestricted Gas Migration (LUGM). As schematically
presented in Figure 7, LUGM is the length along the MOL-GDL
interface where upward gas migration is unrestricted (if a filter layer
is needed, LUGM should be obtained along the MOL-FL interface).
LUGM is highly dependent on unsaturated hydraulic conductivity
and hence on material properties and characteristics, and on climate
as well as on slope inclination and diversion length. It will vary
seasonally, being shorter in seasons of high precipitation and low
temperature (reduced evapotranspiration), and longer or extending
to the full length of the interface in drier and warmer seasons. The
influence of several key parameters on the magnitude of LUGMwas
assessed by Ahoughalandari and Cabral (2017b).
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Key to high performance of sloped biofilters, biowindows or
biocovers is to design the system in a way that the value of
LUGM is maximized so that the CH4 loading can migrate freely
to a larger area, where it is oxidized, reducing CH4 emissions to
the desired levels. A conservative value of LUGM must be
determined during the design phase. Generally, the location
of the point of occlusion is not a singularity. Rather, pore
occlusion occurs within a certain zone. The conservative way
is to adopt as occlusion volumetric air content (θa-occ) the
highest value obtained from air permeability tests (θa-pocc in
Figure 3, right).

Step 1. Determine LUGM. This requires a sequence of steps that
starts with laboratory testing to determine the volumetric air
content at occlusion, θa_occ (see Water Retention and Transport,
Gas Transport) for the chosen substrate at the chosen degree of
compaction.

A simplified approach is proposed by Ahoughalandari et al.
(2018), who found that the degree of water saturation, Sr, associated
with the line of optima for a sand-compost mixture used as MOL
coincided with the Sr values when occlusion of air pores was
detected during the determination of the ka-function for this soil at
different compaction energies. This seems to indicate that θa_occ
could potentially be inferred from the optimum water content
determined from the Standard Proctor test (ASTM D6–8 - 12e2).
However, for another substrate (fine sand) also successfully
employed as MOL (Ndanga et al., 2015), Ahoughalandari et al.
(2018) found that the Sr value associated with occlusion was greater
than that given by the line of optima. As such, the simplification
proposed, i.e. use the optimummoisture content as an indicator of
occlusion must be used with care. Further studies will eventually
offer more precise guidelines about this simplification for other
types of soils. For the time being, it is still recommended to obtain
θa_occ from the ka-function.

In mineral soils, certainly in sand-dominated soils, θa_occ and
the soil’s air capacity (the share of pores >50 µm available for gas
transport at maximum water retention, see The water Retention
Curve (WRC) and Pore Size Distribution) are closely related.
Accordingly, an alternative to assessing θa_occ is to obtain the air
capacity as air filled porosity at a suction (pore pressure) of
−6 kPa. Alternatively, air capacity can be estimated from the
particle size distribution and bulk density (Supplementary
Material S2).

Based on the linear relationship between air filled porosity and
soil effective diffusivity (Diffusive Gas Transport) it can be
assessed whether the effective diffusivity of the soil allows for
a diffusive influx of oxygen that suffices to oxidise the accruing
CH4 load. It is suggested to assume the top 40 cm as active CH4

oxidation layer.

Step 2.Once θa_occ has been determined, its associated volumetric
water content at occlusion, θw_occ, can be calculated as follows:
θw_occ = n-θa_occ, where n is the porosity of the soil, and ρd
(M.L−3) is the dry bulk density to which the material will be
compacted. At the design phase, it is recommended to assess
θa_occ for several values of ρd.

Step 3. In this next step, numerical modelling is used to assess where
θw_occ is reached along the MOL-GDL (or MOL-FL) interface. It is
recommended to test different pre-selected MOL candidates at
various slopes. Several runs of the model are performed for the
variousmaterials, densities and θw_occ associatedwith these densities.

Several commercial programs can be used to perform this
design step (e.g. Vadose/W, Hydrus-2D, Unsat-H). Input
parameters include the WRC (or the parameters describing
it; The water retention curve (WRC) and pore size
distribution) and the hydraulic permeability function (kfct;
The hydraulic permeability function (k-fct)) of the MOL,

FIGURE 7 | Schematic representation of the Length of Unrestricted Gas Migration (LUGM).
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climatic data and boundary conditions. The most
problematic boundary condition is found at the interface
between the MOL and the filter or the GDL. The reason for
this is simple: the slope of the kfct of granular materials is
often steep, which poses serious convergence problems (small
changes in suction lead to significant changes in the value of
the hydraulic permeability). There is no standard practice to
avoid this; one solution is to not include the FL (or GDL)
altogether and consider this interface as a seepage face. In
most programs (perhaps using different nomenclature),
when the water entry value (ψWEV; Figure 2) of the FL (or
GDL) layer is reached at this boundary, water flows out of the
system and is computed as a boundary flux. Usually, the
bottom boundary is considered as a unit-gradient interface.
The framework must be big enough to avoid interference
from lateral boundaries.

Step 4. Revisit to step 1 until the value of LUGM is high enough
for the corresponding area to be sufficiently large to cope with the
design CH4 loading (Estimation of the Methane Flux to be
Treated), given the estimated CH4 oxidation capacity
(Estimation of methane oxidation capacity).

Further considerations concerning designing focusing on
hydraulic aspects

Concepts, such as the jagged interface proposed by Cassini
et al. (2017) may help reduce the negative impact of the
capillary barrier effect on the response of the system. The
jagged interface may leave a length of unrestricted gas
migration near each of the crests. In configurations with
such jagged interface, there is a compromise to be reached
between keeping LUGM as high as possible, and a large enough
difference in moisture content values between the top and the
bottom of each segment. This is possible by an appropriate
choice of geometrical features and materials whose drainage
capacity may lead to less moisture accumulation.
Ahoughalandari and Cabral (2017a) assessed LUGM for
variants of this scheme for a specific climate and concluded
that, in certain cases, LUGM can be practically nil (i.e. landfill
gas would be forced to migrate to the top of the MMOS,
drastically reducing its CH4 oxidation efficiency), depending
on the materials (and stack thereof) selected, and on the length
of each segment. One potential drawback of this concept are
the high construction costs.

An alternative option proposed by Röwer et al. (2016b) is to
increase the diversion length for downslope water transport
beyond the dimensions of the MMOS, so that the occluded
part of the GDL-MOL interface remains downslope of the
area intended to accomplish the CH4 oxidation process.
Thereby, LUGM may be maximised along the spatial
extension of the methane oxidation system. In any case,
dimensioning of sloped MMOS should be iterative. Following
determination of the required area (MMOS surface area and
thickness), one should assess how much this area is compromised
by a temporary reduction of LUGM due to water seepage
following a precipitation event, and whether the increased
CH4 load in upslope direction does or does not exceed the
CH4 oxidation capacity of the upslope area. If it does exceed,

the lateral extension of the MMOS should be enlarged
accordingly.

MMOS Surface Area and Thickness
To determine the base area of the methane oxidation system
onto which the gas load must be distributed in order to warrant
complete oxidation, the emission (in case of a hotspot) or the
known CH4 load is divided by the oxidation capacity, i.e.:
Area = Emission/OC, where Area is the base area of the MMOS
(m2); Emission is the CH4 load (for example given in g CH4

h−1), and OC is the CH4 oxidation capacity (for example, given
in g CH4 m−2 h−1). An example for the determination of the
needed area based on pre-lab-test of the MOL-material is given
in ÖVA (2008), where calculations included a safety-factor for
field applications.

It is relevant to note that the area is directly determined by the
magnitude of the previously calculated LUGM. For example, if
LUGM corresponds to 70% of the entire length of the MMOS,
then the area needs to be reduced accordingly. Several iterations
may be needed during the design phase to evaluate different
thicknesses (which affects OC and then the area), lengths, slopes,
and materials. Determination of the oxidation capacity is time-
consuming and requires capacity in a laboratory. Alternatively,
one can resort, for example, to the Methane Oxidation Tool
(Estimation of Methane Oxidation Capacity) for an
approximation.

In many national regulations, the minimum thickness of a
landfill cover is stipulated to be 1 m and requirements, for
example, on the amount of water that can be stored or is
available to the cover vegetation, are based on this thickness.
The Methane Oxidation Tool assumes that the oxidation
process occurs in the top 40 cm of the MOL. However, the
final thickness of the MMOS needs to be greater, because the
top part of the soil is most prone to desiccation and very high
temperatures in the dry and/or warm period, and to colder
temperatures during the rest of the year. Moreover, if the
MMOS is to be vegetated, requirements on water storage also
need to be met. Altogether, these aspects ask for redundancy in
thickness. In the German technical recommendation on
biocovers (LAGA Ad hoc AG Deponietechnik, 2020),
thickness is therefore aligned with the requirement on
thickness for landfill covers in general, i.e. 1 m. However,
this does not preclude design.

Role of Vegetation
Vegetating open MMOS prevents wind or water-induced
erosion or crusting of the MOL through the above ground
biomass and the proliferation of roots, which warrants a
well-structured MOL matrix. It also visually integrates the
landfill cover to the surrounding environment. A well
rooted MOL matrix can enhance diffusive ingress of
atmospheric air and thereby improve the efficiency of
the MMOS (Bohn et al., 2011; Reichenauer et al., 2011).
Ndanga et al. (2015), on the other hand, did not find relevant
gains in oxidation efficiency when selected soils were
vegetated with different plant mixes as compared to non-
vegetated ones.
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It is highly recommended to include top soil with organic matter
(humus) to support the main rooting zone if mineral materials are
used for the MOL sub-soil. This increases water and nutrient supply
not only to the vegetation but also to the methanotrophic and other
microorganisms. Natural, stable humus contents in top-soils of
temperate climates are sufficient. Despite the preceding, in a study
involving laboratory and field experiments, Ndanga et al. (2013)
alluded that plant roots can also become preferential pathways,
thereby decreasing the CH4 oxidation efficiency. An even grass
cover with a spatially even proliferation of roots is preferred over
species with fewer, or single, but deeper roots, that create pathways for
preferential gas flow. The choice of vegetation should, therefore,
maximize spatial homogeneity of MOL structural properties to
prevent the formation of preferential pathways. In addition, the
evapotranspiration by vegetation reduces the moisture content of
the MOL near the surface, thereby reducing blockage of pores in the
MOL and reducing the volume of percolate, which, in MMOS with a
hydraulic connection to the waste body, may contribute to landfill
leachate production.

RECOMMENDATIONS FOR CHOICE OF
METHANE OXIDATION SYSTEM

MMOS can be applied on diverse types of sanitary landfills
and non-sanitary old deposits or waste dumps to reduce
residual emissions. Some prominent examples are
summarized below:

Old Covered Waste Deposits or Waste
Dumps Without State-of-the-Art Top Liner
and Without Gas Collection System
Worldwide, uncovered and mostly uncontrolled dumps are still a
prominent problem. Old landfills that were constructed before
sanitary landfill regulation came into force often fall under soil and
water/groundwater protection legislation, not under waste disposal
regulations. Frequently they have a cover made of anymaterial that
was available to the operator at the time of construction. As the
largest part of the emissions typically occurs via spatially confined
hotspots, a remediation of the relevant spots through methane
oxidation windows would be a rational compromise. It is possible
that, in many cases, a well-designed passive MMOS (biocover or
biowindow) made of locally available materials could be
implemented as part or instead of the existing cover. Such low-
maintenance systems would be a much better alternative to no
action, particularly in countries lacking legal requirements and
viable modern and expensive technical solutions.

Old Waste Deposits or Waste Dumps With
Impermeable Top Liner but Without Gas
Collection System
Typical sites in this category are sealed with natural clayey
materials or geosynthetic clay liners, into which, in some
cases, windows (vents) are inserted for the mere release or for
the treatment of landfill gas. Often, inadequate window filling

materials which have ceased to function due to settlement and
consolidation are encountered with a concurrent loss of gas
diffusivity and conductivity. If leaking, these windows can be
remediated by exchanging the filling material, preferably with
long-term stable materials.

Additionally, the clay top liner is prone to cracking due to - for
example - differential settlement. Landfill gas leaks through this
cracks and remediation, insofar as gas emissions are concerned,
calls for installation of a MMOS.

Sanitary landfills with adequate top covers and gas collection
systems and landfills for mechanically and biologically pre-
treated wastes

For sites in this category, a MMOS is applicable as a
complementary measure during active gas extraction and
technical treatment, when the top liner is not yet in place, or
as a walk-away solution, after technical gas treatment has been
terminated. Existing gas wells can be used to actively or passively
feed biofilters or biowindows. These can also be integrated into
the cover in retrospect. If the biological gas treatment is to be
carried out using the entire area of the landfill cover (biocovers)
and a top liner already exists, attention needs to be given to
sufficient spatial distribution of the load above the existing liner
using a gas piping system within/beneath the gas distribution
layer. If a top liner is already in place, this needs to be
punctured/penetrated to direct the landfill gas to a gas
distribution layer below a recultivation layer optimized for
CH4 oxidation (biocover). For mechanically-biologically pre-
treated waste landfills, i.e. with inherently low gas production,
passively vented biowindows (integrated in surface liners) or
biocovers are suitable.

Closure and Aftercare Phase of Sanitary
Landfills With Temporary Covers
For older sanitary landfills approaching landfill closure, but
still containing relevant amounts of biodegradable organic
waste (MSW), permeable temporary top covers could be a
meaningful measure in certain countries. These covers shall
be designed to allow water infiltration into the waste body to
enhance degradation processes of the waste material. For
example, permeable temporary covers for (maximal) 20 years
are required in the Austrian landfill directive (DVO, 2008) for
the closing phase of former landfills made of untreated
municipal solid waste. However, temporary covers must
concurrently mitigate CH4 emissions, i.e. act as a biocover.
The Austrian landfill directive (DVO, 2008) sets limit values
for gaseous CH4 emission from temporary covers, with 5 kg
CH4 m−2 a−1 being the average value for the entire landfill
(single hotspots shall not exceed 10 kg CH4 m

−2 a−1). Landfill
operators are obliged to submit a project to the local
authorities regarding final covering including an
impermeable liner of the landfill surface after the 20-year
temporary period.

Landfills for Contaminated Soils
Landfills in this category usually have a low gas generation
potential, making them suitable sites for passive gas
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collection and subsequent gas treatment by biofilters.
Carefully spaced biowindows inserted in the existing top
cover would also be a viable alternative. Alternatively,

biocovers are a suitable option if, as above, the landfill gas
can be routed to a gas distribution layer through penetrations
in the existing liner if necessary.

FIGURE 8 | Exemplary decision tree on use of MMOS. Developed from the decision tree presented in ÖVA (2008).

Frontiers in Environmental Science | www.frontiersin.org September 2022 | Volume 10 | Article 90756221

Gebert et al. Methane Oxidation Systems for Landfills

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Old Landfills During and/or After In-Situ
Aeration
Old municipal solid waste landfills, that still contain
biodegradable waste material and on which an in-situ
aeration plant is operated to accelerate the mineralisation
and stabilisation processes, can be capped with a biocover to
abate the remaining methane emissions (Ritzkowski and
Stegmann, 2012; Laux, 2015). On in-situ aerated landfills
that operate a gas collection system, the collected air-gas
mixture can be actively (or passively) routed to an external
biofilter. Challenges for effective operation of these filters
include high gas fluxes and low CH4 concentrations. Any
residual gas emissions remaining after completion of the in-
situ aeration measure can be abated by a properly
designed MMOS.

Figure 8 presents a decision tree that supports the decision on
which MMOS would best fit the needs at a specific site. It
addresses most conceivable aspects relevant for decision-
making, such as recoverable CH4 flow, availability of gas
extraction wells, landfill geometry, etc. The user is guided
through the decision tree by following technical questions,
which can be answered by yes or no. Potential after-use is an
important aspect in the final decision. Questions such as whether
the surface of a MMOS must be sealed for further use as, e.g.,
parking lot or industrial use are not addressed in this
decision tree.

The starting point (and most significant aspect) is to
determine if there is still relevant gas formation and/or gas
emission potential present on the landfill site that would
justify implementing MMOS to abate CH4 emissions. Based
on recommendations by Heyer et al., 2013) on criteria for
release of landfills from aftercare, engineered MMOS are
recommended to abate residual emissions when the
approximate CH4 load to the cover layer is still greater
than 0.5 L CH4 m−2 h−1 (0.36 g CH4 m−2 h−1 under
conditions of standard temperature and pressure). This
threshold was also recommended by ÖWAV (2008) for
considerations regarding the completion of intensive
aftercare measures at MSW landfills. It is assumed that
lower CH4 loads can be oxidised by any cover soil or
layer, also those not optimised for microbial methane
oxidation. The exact magnitude of residual flux that merits
the changeover from active gas extraction and technical
treatment (flare or energetic use) to treatment of CH4 in
MMOS is site-specific. It depends on the size of the landfill
and therefore the total CH4 flux, the efficiency of active gas
extraction and technical treatment that is in place, but also on
the intended after-use of the site.

Further key-aspects requested in the decision tree concern
technical equipment of the landfill (gas wells/gas extraction,
existing cover layer, bottom liner/leachate collection), landfill
geometry and protection of groundwater. Considerations and
questions regarding subsequent and/or supplementary
technical adaptations of the site are further aspects of the
decision process.

CONCLUDING REMARKS

Design of methane oxidation systems is challenging because of
the necessity to consider the coupled processes of gas and
water transport, in addition to microbial methane oxidation,
which depends on choice of materials. Gas and water transport
are impacted by temporally changing environmental
conditions (e.g., temperature, precipitation), and, certainly
on larger and sloped areas are always subject to some
spatial variability. Overarching goals of MMOS design,
beyond the choice of material that can sustain
methanotrophic activity, are 1) to ensure that gas fluxes
through the MMOS are evenly spaced to avoid high
methane loads in certain areas, which would compromise
the overall efficiency; and 2) to achieve an optimal CH4

load that can be oxidized by the MMOS. The latter includes
consideration of adverse conditions such as high degrees of
(water) saturation that reduce the air-filled porosity, the
formation of capillary barriers provoking spatially non-
uniform flow of gas, and the changes in temperature that
may affect methanotrophic activity. The aspects mentioned
above must be dealt with during the design phase, mainly
through choice of an adequate combination of materials for
use in the gas distribution and the methane oxidation layers;
one that offers a delicate balance between sufficient air-filled
porosity and water retention, while creating the necessary
difference in permeability to avoid uncontrolled upward
migration of landfill gas.

While detailed knowledge on microbial CH4 oxidation has
been generated over time, a comprehensive proposal for design
steps to successful MMOS was still missing. This paper aims to
fill this gap and combines the scientific background with the
most important aspects of system layout, design and
monitoring. In doing so, it proposes guidance to the
different stakeholders involved in designing, operating, and
regulating methane oxidation systems for the abatement of
methane emissions from waste disposal sites. Future technical
guidance documents for practitioners can build on the
information provided. The paper focuses exclusively on the
technical fundamentals and suggests guiding principles of system
choice and a step-by-step approach for implementation but does not
include considerations of cost or cost-effectiveness of MMOS
construction and operation. However, the choice of gas treatment
system (be it thermal (flare or energy recovery) or an MMOS) and
the abatement targets will always depend on multiple aspects and
site-specific conditions and constraints, including the situation and
land use around the site (e.g. housing), the intended post-closure
after-use and economic considerations.
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