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ABSTRACT
This study compares the performance of two pilot-scale biofilters designed to miti-
gate methane emissions at the Complexe Environnemental de Saint-Michel (CESM) 
landfill in Montreal, Canada. Although both systems shared the same geometry, they 
differed in materials and boundary conditions. CESM1 used a compost-woodchip 
mixture, while CESM2 incorporated a compost-gravel blend (STEM) and was partially 
enclosed to enable continuous monitoring. Field measurements showed that CESM1 
consistently achieved higher methane oxidation efficiency and greater temporal sta-
bility. In contrast, CESM2 exhibited performance variability, particularly during the 
summer 2024, when internal heating and surface cracking were observed under the 
shelter enclosure. These conditions may have affected gas distribution and meth-
anotrophic activity. Batch tests confirmed reduced microbial oxidation capacity in 
CESM2, prompting corrective interventions such as surface tilling and zone-specific 
repairs. Despite lower efficiency, CESM2 oxidized a higher total mass of methane 
due to substantially greater loading rates. Both systems followed seasonal trends, 
suggesting ambient temperature as a contributing factor. The results underscore the 
importance of adapting biofilter design to site-specific boundary conditions, espe-
cially in enclosed configurations where thermal and moisture dynamics may devi-
ate from open-field scenarios. While engineered media such as STEM can support 
methane oxidation, their performance is contingent on appropriate structural and en-
vironmental management. From a design perspective, ensuring adequate gas distri-
bution, preventing excessive heat accumulation, and maintaining moisture balance 
are critical to sustaining methane oxidation performance. In enclosed systems, ad-
ditional attention should be given to surface integrity to avoid preferential pathways 
and reduced performance.

1.	 INTRODUCTION
Anaerobic degradation of organic matter in landfills 

generates biogas, primarily composed of methane (CH4) 
and carbon dioxide (CO2). Landfills contribute approxi-
mately 630 Mt CO2-equivalent globally (Gebert et al., 2022), 
with methane (CH4) emissions from the waste sector ac-
counting for 28% of total Canadian methane emissions in 
2022 (ECCC, 2022). Although methane is short-lived (12-
14 years), it has a global warming potential 81-86 times 
greater than CO2 over a 20-year horizon. This makes it a 
strategic target for short-term climate change mitigation.

Methane oxidation biosystems (MOBs) offer a low-
cost strategy for reducing CH4 emissions, especially when 
gas production is too diluted (less than 20-30% v/v), or too 
low (typically below 15-30 m³/h) to allow energy recovery 

or flaring (Farrokhzadeh et al., 2017; Huber-Humer et al., 
2008). The Intergovernmental Panel on Climate Change 
(IPCC) has recognized MOBs as a promising option for the 
waste sector (Gebert et al., 2022).

 MOBs can be grouped into three categories: biocovers 
(integrated into the landfill cover layer), biowindows (local-
ized oxidation zones targeting emission hotspots), and bi-
ofilters (standalone engineered systems treating collected 
landfill gas). They differ based on their integration with site 
operating conditions and their functional design. These 
biosystems rely on a multilayer structure where the gas 
distribution layer (GDL) feeds landfill gas into the methane 
oxidation layer (MOL), rich in organic matter and support-
ing methanotrophic bacteria (Duan et al., 2022).

Recent efforts have focused on optimizing biofilter de-
sign (Ahoughalandari et al., 2018; Scheutz et al., 2023), but 
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technical challenges remain. A common limitation is pore 
occlusion and clogging of the MOL, due to extracellular 
polymeric substances (EPS) produced by methanotrophs, 
which reduce gas diffusivity (He et al., 2017). Hydraulic 
performance is equally critical. Poorly selected MOL ma-
terials may cause capillary barrier effects at the GDL/MOL 
interface. This can lead to localized hydraulic blockages, 
methane overload in specific areas, and lateral gas bypass 
along preferential pathways (Gebert et al., 2022).

To mitigate these effects, Structured Engineered Medi-
um (STEM), composed of compost and structuring agents 
(e.g., woodchips, gravel), have been proposed. These me-
dia combine microbial support and air-filled porosity, im-
proving gas diffusion, water drainage, and moisture con-
trol (Dulac et al., 2024; Dulac & Cabral, 2025; Gebert et al., 
2022).

Beyond material choice, construction parameters, such 
as slope, geometry, and layering, also influence perfor-
mance. Dulac et al. (2024) confirmed the potential of nu-
merical models to predict hydraulic behavior and support 
simplified design. This approach relies on representative 
geotechnical and climatic data, along with well-defined 
boundary conditions. The authors also highlight the value 
of instrumented field-scale MOBs to better calibrate pre-de-
sign simulations.

This study draws on data from two biofilters built dur-
ing different phases of a research project at the CESM site 
in Montreal, Canada. Although constructed at different 
times with varying materials and operational strategies, 
both systems shared the same geometry and location. 
This study aims to contrast the methane oxidation per-
formance of two biofilters under varying boundary condi-
tions and identify the key operational and design features 
influencing MOL’s effectiveness. The analysis focuses on 
integrated system performance rather than isolating indi-
vidual parameters. This is particularly relevant due to the 
presence of a shelter enclosure in one system, which was 
associated with a separate continuous monitoring study 
beyond the scope of this work. This study advances exist-
ing research by providing a controlled, field‑scale compar-
ison of two pilot biofilters sharing identical geometry and 
siting but differing in methane oxidation layer composition 
and boundary conditions (open versus partially enclosed). 
Unlike earlier studies that focused primarily on material 
optimization or modeling-based design, this work explicitly 
isolates the influence of enclosure‑induced thermal and hy-
dric constraints on biofilter performance. The results offer 
new, practical evidence on how boundary conditions can 
override intrinsic material properties and fundamentally al-
ter methane oxidation efficiency at field scale.

2.	 MATERIALS AND METHODS
2.1	Description of study area

The Complexe Environnemental de Saint-Michel 
(CESM) is a former 72-hectare landfill site located in Mon-
treal, now in its after-care phase. Developed within a for-
mer limestone quarry reaching depths of up to 80 meters, 
the site received approximately 40 million tons of waste 
between 1968 and 2008 (Lagos et al., 2017). As part of 

the City of Montreal’s climate commitments (Climate Plan 
2020-2030), which targets carbon neutrality by 2050 (City 
of Montréal, 2020), mitigating methane emissions at CESM 
has become a key priority (Almeida et al., 2024), making it 
an ideal site for field-scale validation of methane oxidation 
technologies.

Landfill gas (LFG) at the site is collected from two 
sources: (1) a network of gas wells used for electricity gen-
eration, and (2) a collection system installed in ventilation 
trenches. The latter, while associated with high flow rates, 
contains very low methane concentrations (typically below 
2% by volume), mainly due to the strong vacuum applied 
by the blower system to prevent odor dispersion toward 
nearby residential areas. Given its low energy potential, this 
lean LFG could not be treated using conventional methods. 
It was therefore targeted in a research project focused on 
developing large-scale biofiltration as a mitigation strate-
gy. Pilot-scale biofilters were designed, constructed, and 
instrumented on site to experimentally treat approximately 
one-tenth of the total gas flow (Almeida et al., 2024; Fran-
zidis et al., 2008).

2.2	Selection of materials
The present study covers two phases of analysis in-

volving biofilters installed at the CESM site, allowing direct 
comparison under site-specific conditions and progressive 
design refinement: CESM1, conducted from 2021 to 2022, 
and CESM2, ongoing since 2023.

For CESM1, a 1:1 volumetric blend of compost and 
wood chips, sourced from the CESM’s on-site composting 
platform for leaves and branches, was selected based on 
its demonstrated methane oxidation capacity, field worka-
bility, and geotechnical performance. This mixture met the 
minimum efficiency threshold of 70% required by the City 
of Montreal (Almeida et al., 2024).

2.2.1	Design lessons from CESM biofilter – Phase 1
A key lesson from CESM1 was that the fine sand lay-

er (used as a filter layer between the MOL and the GDL) 
caused clogging due to compost migration and cementa-
tion, highlighting the importance of layer compatibility. We 
hypothesize that high temperatures during the acclimati-
zation phase accelerated wood chip degradation into fine 
compost, which migrated into the sand layer. Subsequent 
water infiltration may have promoted cementation, leading 
to significant clogging at the MOL interface along a sub-
stantial portion of the biofilter.

To prevent similar clogging phenomena observed in 
CESM1, the sand-based filter layer was eliminated in the 
CESM2 configuration. Additionally, MOL was reengineered 
using a 1:1 volumetric blend of compost and gravel mix-
ture, favoring gravel as a structuring agent over wood 
chips. This approach aimed to enhance air-filled porosity 
and promote more uniform gas distribution within the bi-
ofilter.

2.3	MOL Material Properties
Table 1 summarizes the geotechnical and methane ox-

idation properties of the MOL materials employed in the 
CESM1 and CESM2 biofilters.
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The compost-woodchips mixture (CESM1) had higher 
sand content and total porosity, due to the structural role of 
wood chips as bulking agents promoting aeration. In con-
trast, the compost-gravel mixture (CESM2) showed lower 
porosity and a predominance of coarse particles, which 
may offer hydraulic benefits by reducing saturation risks 
and limiting capillary barrier effects at the GDL/MOL inter-
face.

A notable difference in organic matter content is ob-
served between the two phases. 

The choice of MOL material for CESM2 was guided by 
the work of La et al., 2018, who recommend an effective 
compost proportion of 12.5-25%, corresponding to a target 
organic matter content (measured by standard loss-on-ig-
nition method) of 5-10% in the final mixture. For compost 
containing 25.1% organic matter, this translates to a rec-
ommended compost proportion of approximately 20-40% 
(i.e., 5-10%÷25.1%). The selected 1:1 volumetric ratio (50% 
compost and 50% gravel) therefore slightly exceeds this 
range, ensuring sufficient nutrient availability.

Column test results (not covered in this study) showed a 
maximum methane oxidation rate (Vmáx) of 2,383 g·m-³·day-¹ 
for CESM1 STEM, approximately 32% higher than the val-
ue observed for CESM2 (1624 g·m-³·day-¹). This enhanced 
performance appears to be associated with the physical 
properties of the material, particularly its higher organic 
matter content, which may improve moisture retention and 
increase the available surface area for microbial coloniza-
tion. In addition, greater nutrient availability in the compost 
substrate may have further supported methanotrophic ac-
tivity. 

Moreover, the Km value for CESM1 was significantly 
lower (12 g·m-³) compared to CESM2 (23.4 g·m-³). The pa-
rameter Km represents the half-saturation constant from 
Michaelis–Menten kinetics, corresponding to the meth-
ane concentration at which the oxidation rate reaches half 
of its maximum value (Vmax). Lower Km values indicate a 
higher affinity of methanotrophic microorganisms for CH4, 
reflecting greater oxidation efficiency at low CH4 concen-
trations. However, these differences should be interpreted 
within the broader context of design priorities and opera-
tional conditions. While CESM1 favored microbial activity 
due to its more active and porous structure, CESM2 incor-
porated gravel, a material chosen for its structural stability 
and drainage performance, in line with established design 
recommendations.

2.4	Construction
2.4.1	CESM Biofilter – phase 1

The biofilter studied herein was built with a rectangu-
lar footprint of 50 m² (5 m × 10 m) and a total height of 
approximately 1.45 m. Its structure consisted of stacked 
concrete blocks forming vertical walls, sealed with ure-
thane, and lined internally with an HDPE geomembrane. A 
geotextile layer was placed over the base to protect the ge-
omembrane. The GDL, 0.30 m thick, consisted of two types 
of gravel (¾″ and ¼″), overlaid by a 0.10 m sand filter layer. 
As previously described, the MOL was composed of a 1:1 

volumetric mix of leaf compost and woodchips, with an ap-
proximate thickness of 1 m. To maintain positive tempera-
tures within the biofilter during winter, a heat trace system 
was laid between the sand and MOL layers, ensuring suita-
ble conditions for methanotrophic activity.

Water content and temperature probes were installed 
at different depths within the biofilter, including near the 
surface (0.05 m and 0.10 m) and close to the interface 
between MOL and GDL (0.90 m and 0.95 m), to monitor 
potential capillary barrier effects. Most of the sensors were 
allocated to Zones 1 and 2, where greater spatial variability 
was expected. The detailed configuration and instrumenta-
tion of CESM1 have been previously described by Almeida 
et al. (2024).

Prior to full-scale operation, an acclimatization phase 
was conducted in early July 2021 using an external setup. 
The apparatus consisted of a geotextile base covered with 
a first layer of compost, followed by the installation of a 
fishbone-type biogas distribution system, and a second 
compost layer on top, forming a sandwich-like structure. 
This setup was supplied with biogas containing approxi-
mately 40% CH4. Injection was maintained at 0.05 CFM 
(2.03 m³.day-1) for the first two weeks and increased to 
0.1 CFM (4.08 m³.day-1) during the third week (Almeida et 
al., 2024).

Once filled, the biofilter was connected to the main bio-
gas supply system, with an average flow rate of 1 944 m³.
day-1 (48 scfm) provided by a blower. Due to operational 
constraints, methane concentration at the inlet varied sig-
nificantly, ranging from 0.1% to 4.6%. As a result, the bio-
filter operated under a transient methane loading regime.

The CESM1 phase concluded with the end of perfor-
mance monitoring in November 2022. In the summer of 
2023, the materials constituting the MOL and the GDL were 
removed in preparation for the implementation of the next 
phase.

2.4.2	CESM Biofilter – phase 2
By retaining the same wall structure as in the first 

phase, CESM2 preserved the geometry of the original bio-
filter while implementing a new construction plan. The GDL 
was reinstalled using the same gravel size fractions (¾” 
and ¼”), as it had been damaged during the removal of the 
sand filter layer. Once the concrete block walls were re-ex-
posed, they were covered with a geotextile and sprayed 
with a polyurea membrane to ensure sealing equivalent to 
the HDPE geomembrane used previously.

Multiple sensors were installed in CESM2 to monitor 
water content and temperature at different depths (0.10 m, 
0.35 m, 0.50 m, 0.75 m, see Supplementary Material I). The 
water content was monitored using 5TM sensors (Deca-
gon Devices, USA), while temperature was measured us-
ing DRF sensors. However, due to operational issues, data 
acquisition was only possible from October 2024 onward 
(see Suplemmentary material), as the data logging system 
was partially damaged during the summer of 2024.

Despite this limitation, water content and temperature 
profiles were obtained for October 2024, along with aver-
age temperature data for the October-December period 
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and temperature measurements at the interface MOL/GDL, 
at approximately 1 m depth.

The MOL was filled in the fall of 2023. The principle of 
using a STEM was retained, maintaining the 1:1 volumetric 
ratio between compost and structural support. However, 
the composition was modified by replacing the woodchips 
used in CESM1 with gravel ½” (Figure 1).

The main distinction of CESM2 lies in its objective to 
enable continuous monitoring of CH4 oxidation efficiency 
through a more reliable measurement approach, which, 
in this project, is used to support and validate the point-
in-time measurements obtained with flux chambers. To 
achieve this, the entire biofilter was enclosed within a par-
tially sealed shelter functioning as a full-scale flux cham-
ber. Details of the continuous monitoring system are part 
of a separate publication (Souza et al. 2025).

As in CESM1, the CESM2 biofilter operated under a 
transient methane loading regime. Biogas injection relied 
on the same supply system, with inlet methane concen-
trations exhibiting broader variability and generally higher 
values, ranging from 0.1% to 9.3%. To accommodate these 
fluctuations, the injection flow rate was manually adjust-
ed, as required by operational conditions, between 815 and 
1200 m³ day-¹ (approximately 20 to 30 scfm).

2.5	Monitoring
2.5.1	Methane load

For both phases, the biogas flow entering the biofilter 
was measured using a thermal mass flow meter installed 
directly at the inlet, upstream of the fishbone-type gas dis-
tribution system. The methane loading (gCH4.m

-2.day-1) 
was calculated using Equation 1.

	 					   

(1)

Where Q is the biogas flow rate (m3.day-1), S is the 
biofilter surface area (m²), CCH4 is the inlet methane con-
centration (%) measured using a portable gas analyzer 
(SEM5000, QED Environmental Systems Inc., 2017) with 
laser technology to measure CH4 from 0.5 ppm to 100 % 
(vol), Text is the ambient temperature (°C), and Patm is the 
atmospheric pressure (hPa). Figure 2 presents a compar-
ative analysis of daily methane loadings applied to the 
CESM1 and CESM2 biofilters using violin plots. Figure 2 
shows that methane loading values are broadly distributed 
for both systems, with similar median values (≈309 g·m-²·-
day-¹ for CESM1 and ≈303 g·m-²·day-¹ for CESM2), but with 
substantial variability and a wide range of loading condi-
tions observed in both cases.

2.5.2	Methane outlet flux
Methane surface fluxes at the biofilter were estimated 

using a static flux chamber. The method involves placing 
the chamber directly on the surface and monitoring the 
increase in methane concentration over a fixed time inter-
val (10 minutes in the context of this study). Assuming a 
linear concentration rise, the slope of the best-fit line (dC/
dt) represents the accumulation rate of methane inside the 
chamber. This volumetric concentration change was then 
converted into a mass flux using the ideal gas law (Abichou 
et al., 2006). Equation 2 was used to calculate the surface 
flux, considering the dimensions of the rectangular cham-
ber used in this project.

FIGURE 1: Side-by-side comparison of the CESM1 and CESM2 biofilters, showing changes in MOL structure and cross-section scheme of 
the biofilter.
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(2)

Where       corresponds to the rate of change in methane 
concentration over time (based on the linear fit between 
two measurements), Text is the ambient temperature (°C), 
Patm is the atmospheric pressure (hPa), V and S represent 
the volume (m³) and surface area (m²) of the flux chamber, 
respectively.

For this project, the biofilter was divided into three dis-
tinct zones, all of which were tested using the flux chamber 
during the measurement campaigns. This approach aimed 
to provide a more representative assessment of the overall 
surface flux, by allowing the results to be weighted accord-
ing to zone.

2.5.3	Methane oxidation efficiency
Methane oxidation efficiency was estimated under the 

following assumptions: (i) uniform distribution of inlet gas 
across Zones 1-3, (ii) negligible methane storage within the 
system (steady‑state conditions), and (iii) no correction for 
CO2 production or O2 consumption. Surface flux meas-
urements are assumed to be representative of average 
zone‑scale emissions.

These assumptions are suitable for integrated 
field‑scale comparison but may bias estimates for CESM2. 
As surface cracking and preferential pathways developed 
(Section 3.1), the assumption of uniform gas distribution 
was likely violated, potentially leading to apparent under‑ or 
over‑estimation of oxidation efficiency at the system scale 
rather than reflecting intrinsic MOL performance.

Methane oxidation efficiency was determined using a 
mass balance approach, based on inlet and outlet CH4 flux-
es, following the methodology described in Almeida et al. 
(2024). This approach provides an integrated assessment 
of system performance under field conditions and is widely 
used in biosystems studies. However, CO2 production and 
O2 consumption were not measured in this study. While 

multi-gas monitoring could offer additional insights into 
the biological mechanisms involved in methane oxidation, 
the adopted method allows for a robust evaluation of over-
all CH4 removal efficiency. As previously mentioned, flux 
chamber measurements were conducted in three distinct 
zones (Figure 3 provides a schematic overview of these 
zones).

For the analysis presented in this paper, we assumed 
that the biogas entering the GDL is evenly distributed 
across the entire GDL/MOL interface, implying that the 
different zones exert an equivalent influence on methane 
oxidation. We adopted this simplifying assumption to facil-
itate the analysis, but we will re-evaluate it in future publi-
cations. In practice, however, biofilters may exhibit non-uni-
form gas distribution due to physical processes such as 
capillary barrier effects and partial clogging. These mech-
anisms can reduce gas permeability in the downslope re-
gion (Zone 1), promoting preferential gas migration toward 
other zones, consistent with the behavior described by 
Almeida et al. (2024) in Scenario C.

Gas concentration profiles were not monitored in this 
study due to technical limitations associated with gas 
sampling probes. Specifically, clogging issues in several 
probes installed in CESM1 (Almeida et al. 2024), which 
compromised the reliability of the measurements. There-
fore, to ensure consistency between systems, gas profiles 
were not included for CESM2. 

2.6	Statistical analysis
Descriptive statistical analyses were performed to 

characterize the datasets from CESM1 and CESM2, includ-
ing calculation of mean, median, minimum, maximum, and 
standard deviation for the main performance parameters. 
Data normality was evaluated using the Shapiro-Wilk test 
to assess whether the variables conformed to a normal 
distribution.

As the majority of the datasets did not satisfy the as-
sumption of normality (p < 0.05), non‑parametric Mann–
Whitney U tests were applied to compare methane loading, 
oxidation efficiency, and the amount of methane oxidized 

FIGURE 2: Distribution of methane loadings applied to the CESM1 and CESM2 biofilters, shown as violin plots. Both systems exhibit similar 
median loadings, but CESM2 shows a wider distribution and more frequent high‑loading events, reflecting greater operational variability.
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between the two biofilters, as well as between zones where 
applicable. Statistical significance was established at 
p < 0.05.

All statistical analyses were conducted using Python 
(version 3.8.10).

3.	 RESULTS AND DISCUSSION
This section presents a comparative analysis of meth-

ane oxidation performance between the two project phas-
es, CESM1 and CESM2. Although the systems were com-
missioned in different years (2021 for CESM1 and 2023 for 
CESM2), their initial operation began at similar times of the 
year (October). To minimize the influence of harsh winter 
conditions and exclude the initial stabilization period typi-
cal of newly commissioned experimental plots, the analy-
sis focuses on the period from April to December. This time 
frame, spanning from early spring (snowmelt period) to the 
first weeks of winter, allows for the assessment of biofilter 
performance under relatively comparable meteorological 
conditions.

3.1	Amount of methane oxidized
Figure 3 illustrates the evolution of the amount of meth-

ane oxidized in the CESM1 (2022) and CESM2 (2024) bio-
filters, with data considered for each zone over time. We 
observe that both CESM1 and CESM2 exhibit variability in 
the amount of CH4 oxidized over the monitored months. 
Additionally, a lower variation among zones is noted for 

CESM1. This observation is further supported by the de-
scriptive statistical analysis (Table 1). 

For CESM1, the amount of methane oxidized ranged 
from 113.1 to 1220.3 g.m-2.day-1, with median values of 
297.5, 297.6, and 289.7 g.m-2.day-1 for zones 1, 2, and 3, 
respectively. For CESM2, the amount of methane oxidized 
ranged from 3.9 to 1101.4 g.m-2.day-1, with median values 
of 333.6, 252.9, and 187.8 g.m-2.day-1 for zones 1, 2, and 
3, respectively. These results indicate that the fluctuation 
among zones was greater for CESM2 than for CESM1, as 
shown in Figure 3.

During the first quarter of the analysis period (April to 
June), CESM1 consistently oxidized slightly more meth-
ane than CESM2. Starting in June, a marked increase in 
methane oxidation was observed in CESM2, particularly in 
Zone 1 (downslope), reaching values close to 1000 g.m-2.
day-1. However, this trend was accompanied by divergence 
among zones, especially from July onward, indicating an 
imbalance in gas distribution and/or spatial variability 
in microbial oxidative activity. Although gravel improves 
structural stability and drainage, its limited moisture reten-
tion capacity and absence of readily assimilable organic 
carbon may promote more localized microbial activity, 
which becomes strongly dependent on zones with more 
favorable moisture conditions and substrate availability 
(Huber-Humer et al., 2008).

The greater performance disparity among CESM2 
zones, compared to CESM1, appears to be associated with 
microenvironmental modifications induced by the experi-

FIGURE 3: Temporal evolution of the amount of methane oxidised in the three biofilter zones for CESM1 (2022) and CESM2 (2024). 
CESM1 exhibits relatively uniform behavior among zones, whereas CESM2 shows pronounced spatial variability, particularly during sum-
mer months, with reduced performance in upslope zones associated with cracking and preferential flow.
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mental configuration. The installation of the shelter enclo-
sure, which was required to enable continuous monitoring 
of methane oxidation, may have altered the thermal and hy-
dric regimes within the biofilter. During the summer 2024 
period, the shelter is expected to have enhanced internal 
heat accumulation. Combined with the lack of direct pre-
cipitation, these conditions led to accelerated desiccation 
of the MOL, causing a substantial decrease in its moisture 
content. Gómez-Borraz et al. (2025) showed that elevated 
temperatures in methane biofilters can shift microbial me-
tabolism from anabolism toward catabolism due to ther-
mal stress, ultimately impairing oxidation performance.  

Taken together, these results reveal a clear trade‑off 
between oxidation efficiency and total methane through-
put. CESM1 consistently achieved higher and more stable 
oxidation efficiency, indicating robust performance of the 
open configuration and compost–woodchip MOL under a 
wide range of conditions. In contrast, CESM2 oxidised a 
larger total mass of methane, primarily because it was op-
erated under substantially higher methane loadings during 
extended periods, despite exhibiting lower and more vari-
able efficiency. From a design perspective, this highlights 
that systems optimized for stability and efficiency may 
differ from those intended to treat high methane fluxes. 
Enclosed configurations such as CESM2 can increase total 
abatement potential when higher loads are unavoidable, 
but require careful control of boundary conditions to pre-
vent efficiency losses associated with drying, cracking, and 
preferential gas pathways.

Although the STEM material appeared adequately 
moist at the time of placement, progressive drying led to 
the development of surface fissures, predominantly in the 
midslope and upslope zones (zones 2 and 3). The forma-
tion of cracks facilitated preferential flow paths, thereby 
reducing methane residence time and limiting effective 
contact between the methane and the biologically active 
oxidation zone (Röwer et al. 2011; Gebert et al. 2022). 

To mitigate these effects, we implemented corrective 
measures, including weekly manual irrigation applied at the 
surface of the biofilter and localized rehabilitation through 
excavation and compaction of the affected areas. These 

interventions led to an increase in methane oxidation from 
November 2024 onward in CESM2, suggesting a partial re-
covery of system performance following the restoration of 
moisture conditions and structural integrity.

Furthermore, the spatial variability in performance ob-
served across CESM2 zones cannot be attributed to oxy-
gen limitation, as both biofilters were supplied with a gas 
stream containing oxygen. This observation effectively ex-
cludes oxygen availability as a controlling factor and high-
lights the dominant influence of the thermal, hydric, and 
structural properties of the oxidation medium on methane 
oxidation performance under the investigated conditions.

Part of the variability observed in Figure 3 can be attrib-
uted to fluctuations in methane loading. As shown in Figure 
5 (section 3.3.), methane loading influences oxidation effi-
ciency, particularly in CESM2, which exhibits greater fluctu-
ation across different loading ranges. This suggests that 
part of the apparent variation is not solely due to intrinsic 
system performance but is also driven by variations in inlet 
methane flux.

Despite the constraints, CESM2 oxidized a greater mass 
of methane during the summer of 2024, not due to higher 
efficiency, but rather because of its substantially greater 
methane loading (≈750 vs. 250 g.m-2.day-1). Consequently, 
although oxidation efficiency was lower, the total volume 
treated remained substantial. However, a statistically sig-
nificant difference in overall oxidation efficiency was ob-
served between CESM1 and CESM2 (p < 0.05), as shown in 
Table 2, with CESM1 showing higher performance; the oxi-
dation efficiency itself is specifically addressed in Section 
3.3. In addition, the amount of methane oxidized in Zone 
3 was significantly higher in CESM1 compared to CESM2 
(p < 0.05), indicating a spatially localized effect. This be-
havior appears to be associated with crack development 
in CESM2, particularly near Zone 3, highlighting the impor-
tance of structural integrity for maintaining biofilter perfor-
mance.

To address the observed issues, targeted interventions 
were carried out between August and November 2024. 
These included manual excavation and compaction of 
deeply fissured areas, mainly in Zone 3, and surface till-

Biofilter Parameters CH4 loading Efficiency CH4 oxidized - Z1 CH4 oxidized – Z2 CH4 oxidized – Z3

CESM 1 Mean 422.3 94.9 421.9 422.1 413.6

Minimum 117.5 78.3 117.5 117.5 113.1

Maximum 1223.1 99.9 1219.9 1220.3 1193.0

Median 297.7 97.9 51.1 297.6 289.7

Standar deviation 290.1 6.2 289.4 289.8 284.5

CESM 2 Mean 425.9 80.2 413.8 337.6 251.0

Minimum 51.6 52.4 51.7 39.2 3.9

Maximum 1240.5 100 1101.4 973.9 686.8

Median 327.7 80.4 333.6 252.9 187.8

Standar deviation 335.8 13.8 317.1 259.4 199.4

p-value 0.79 0.000011* 0.68 0.17 0.024*

Values marked with * indicate statistically significant differences (p < 0.05) according to the Mann-Whitney test

TABLE 1: Statistical data for CESM1 and CESM2 comparison.
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ing (≈30 cm depth) of the MOL across the entire biofilter. 
These adjustments led to a notable, albeit transient, in-
crease in methane oxidation observed in November 2024, 
suggesting a partial restoration of uniform biogas distribu-
tion. Consequently, results from CESM2 should be inter-
preted with caution, as shelter induced disturbances may 
have disproportionately affected its performance, and do 
not necessarily reflect intrinsic material limitations under 
typical field conditions.

The dataset presented in Figure S2 (Supplementary 
Material II) comprises water content, temperature, and the 
amount of methane oxidized data for the CESM2 system 
from October to December 2024. Due to technical and op-
erational constraints, sensor data were not available for 
other months. Nevertheless, this period provides important 
insights into the hydric and thermal conditions governing 
methane oxidation during the transition from autumn to 
early winter.

From October to November 2024, water content in Zone 
1 remained relatively high, with values around 0.32 m³/m³, 
while Zone 2 exhibited lower moisture levels, ranging from 
0.20 to 0.10 m³/m³, confirming the spatial heterogeneity 
previously identified in CESM2 (Figure S1). After Novem-
ber 2024, a pronounced decrease in water content was ob-
served in both zones, with Zone 1 decreasing to 0.10–0.04 
m³/m³ and Zone 2 reaching values as low as 0.02 m³/m³. 
Rather than being directly associated with summer con-
ditions, this drying trend reflects the combined effects 
of reduced precipitation input and continued influence of 
the shelter enclosure, which limits natural rewetting of the 
MOL.

In CESM1, water content profiles were monitored over a 
longer period, from April to December 2022, as also report-
ed by Almeida et al. (2024). During this period, moisture 
content ranged from 0.35 m³/m³ to 0.80 m³/m³ (Figure S3, 
Supplementary material III), indicating consistently higher 
water availability compared to CESM2. Similarly to CESM2, 
higher moisture levels were observed in Zone 1, suggest-
ing a recurring spatial pattern within the system, probably 
influenced by slope and preferential water accumulation.

The temperature profile for CESM2 (Figure S4) in Oc-
tober 2024 revealed pronounced spatial variability among 
zones, with higher temperatures observed in Zone 2 
(54.5°C) compared to Zone 1 (31.2-43.8°C). This indicates 
the presence of localized thermal hotspots within the sys-
tem, probably associated with differences in gas flux distri-
bution and microbial activity, as well as the influence of the 
shelter enclosure on heat retention.

At 1 m depth, corresponding to the base of the MOL 
(CESM2), temperatures in November 2024 were 35.3°C, 
30.6°C, and 23.7°C for zones 1, 2, and 3, respectively (Fig-
ure S5, Table S5, Supplementary material V). In December 
2024, a consistent decrease in temperature was observed 
across all zones, reaching 27.6°C, 24.3°C, and 19.6°C. This 
cooling trend is consistent with the transition toward cold-
er seasonal conditions and suggests a progressive reduc-
tion in thermal energy within the system.

The elevated temperature observed in Zone 2 in Octo-
ber 2024 may have contributed to suboptimal conditions 
for methane oxidation. Although moderate increases in 

temperature can enhance microbial activity, excessively 
high temperatures, such as those exceeding 50°C, may in-
duce thermal stress in methanotrophic communities, shift-
ing metabolism and potentially reducing oxidation efficien-
cy (Gómez-Borraz et al. 2025).

Considering the period from October to December 2022 
in CESM1, corresponding to the same seasonal window 
analyzed for CESM2 in 2024, the average temperature did 
not vary significantly among zones, remaining within a rel-
atively narrow range between 50°C and 62°C (see Figure 
S6, Supplementary material VI). This thermal uniformity 
contrasts with the pronounced spatial variability observed 
in CESM2.

The more homogeneous temperature distribution in 
CESM1 suggests a more stable internal environment, pos-
sibly associated with the absence of the shelter enclosure 
and the resulting natural exchange of heat and moisture 
with the atmosphere. 

Furthermore, the combination of high temperatures 
and the previously observed moisture conditions may 
have intensified spatial heterogeneity in methane oxida-
tion. While Zone 2 exhibited higher temperatures, its lower 
moisture content compared to Zone 1 suggests that the 
balance between thermal conditions, water availability, 
and gas diffusivity plays a critical role in controlling sys-
tem performance. Nevertheless, beyond these site-specif-
ic effects, both systems exhibited similar temporal trends 
consistent with seasonal patterns, suggesting that ambi-
ent temperature may have influenced methane oxidation 
dynamics. 

A decline in efficiency was observed during the summer 
(2022, 2024) for both biofilters, followed by a temporary 
peak in August and a subsequent drop in early September. 
An additional decrease in performance occurred at the be-
ginning of winter, pointing to a shared seasonal response 
across both systems. This pattern indicates an influence 
of temperature and moisture on system performance. El-
evated summer temperatures promoted drying, affecting 
methanotrophic activity, gas diffusion, and structural integ-
rity. In CESM2, high temperatures caused surface cracking 
(especially in Zone 3) as discussed before. A similar trend 
was observed in CESM1, where temperatures reached 43-
52°C in August 2022 (Almeida et al., 2024), followed by a 
decline below 40°C. Although continuous data in August 
2024 were unavailable for CESM2, the consistency be-
tween systems suggests that seasonal heating and drying 
drove the observed dynamics, with the shelter amplifying 
these effects.

3.2	Methane oxidation capacity with batch tests
As part of the CESM2 phase, we conducted batch tests 

in August 2024, shortly after the marked decline in per-
formance observed in July 2024, to assess the impact of 
disturbances, fissuring, on the methane oxidation capacity 
of the MOL. Three field samples were collected, one from 
each zone, and compared to a reference material from 
CESM1, also sampled by zone. This CESM1 material, col-
lected at the end of the project (2022), was stored in an 
airtight 18 L container and kept active through weekly in-
jections of 500 mL of pure methane.
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Figure 4 illustrates the performance differences across 
the two biofilter phases, revealing a marked decrease in mi-
crobial activity in the CESM2 samples. 

While the CESM1 compost fully oxidized the meth-
ane within 10 hours, with an initial oxidation rate of 
1.55%  CH4·h

-1, CESM2 samples displayed a comparable 
rate during the first two to three hours (1.29% CH4.h

-1), fol-
lowed by a significant slowdown (0.27% CH4.h

-1) reflecting 
microbial stress or partial dormancy due to dry and fis-
sured field conditions in CESM2. 

These findings reinforce the hypothesis that the shel-
ter enclosure modified boundary conditions and impaired 
biofilter performance. The poorest-performing batch (Zone 
3, upslope) aligned with the most fissured field zone, indi-
cating that physical disruption adversely affected microbi-
al activity. This is consistent with Figure 3, which shows 
lower oxidation in Zone 3 during the summer. In contrast, 
CESM1 exhibited high and stable oxidative capacity across 
all zones, in both batch and field conditions.

Considering this, adapting the operational strategy 
of the biofilter to the specific constraints imposed by the 
enclosed configuration appears necessary, particularly to 
mitigate heat-related effects such as cracking. Enhancing 
moisture content and ensuring a more homogeneous gas 
distribution within CESM2 are expected to improve the 
overall oxidation rate while simultaneously reducing the 
pronounced heterogeneity among zones. In parallel, an ac-
climatization protocol was launched in December 2024 to 
reestablish microbial activity, with ongoing monitoring to 
evaluate long-term recovery trends.

3.3	Effect of load on the methane oxidation efficien-
cy

Figure 5 shows the distribution of oxidation efficiencies 
across methane loading rates for both phases. CESM1 
exhibited predominantly high efficiencies (>95% in 33 in-
stances), sustained across a wide range of methane load-
ings, including elevated values (>900 g.m-2.day-1). This pat-

tern reflects the biofilter’s ability to maintain high efficiency 
despite substantial variations in methane input. 

Several studies have reported that the landfill gas load-
ing rate can control the diffusion of atmospheric oxygen 
into biofilter media, thereby limiting microbial methane ox-
idation (Dever et al. 2011). However, in the present study, 
oxygen availability was not a limiting factor, as the gas 
supplied to the biofilters contained approximately 18.5% 
O2. In the study by Farrokhzadeh et al. (2017), methane ox-
idation efficiencies ranging from 80 to 95% were achieved 
even under high methane loadings (370 - 1112 g.m-2.day-1). 
This sustained performance was attributed to the adopted 
aeration strategy, which effectively prevented oxygen lim-
itation and ensured adequate O2 availability for microbial 
oxidation. 

By contrast, CESM2 displayed greater variability, with 
16 of 26 measurements falling below 80%, highlighting 
the biosystem’s operational instability. Notably, the six low-
est-performing measurements (<70%) were all recorded 
under low methane loadings (0-150 g.m-2.day-1), suggest-
ing reduced efficiency of the system even under moderate 
operating conditions. Only four CESM2 measurements 
exceeded 95% efficiency, all at lower loads (<650 g.m-2.
day-1), comparing to CESM1, suggesting limited high-per-
formance range. However, when compared with other 
studies, such as Falk et al. (2025), methane loadings of 
approximately 650 g.m-2.day-1 were among the highest val-
ues investigated. This comparison indicates that, although 
CESM2 exhibited lower performance than CESM1, the bio-
filter under CESM2 conditions still demonstrated generally 
good methane oxidation performance.

Some physical and chemical properties of the mate-
rials used in the MOL of both systems could, at first mo-
ment, explain the observed differences in performance. For 
instance, CESM2 exhibited a significantly lower total poros-
ity (48%) compared to CESM1 (69%), which could theoret-
ically limit gas diffusion through the medium. However, 
air permeability and air-filled porosity were comparable, 

FIGURE 4: Methane consumption kinetics by zone for CESM1 and CESM2.
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suggesting that gas transfer limitations were not primarily 
responsible for the observed performance differences. Fur-
thermore, the air-filled porosity values of 31% for CESM1 
and 28% for CESM2 (Table 2) are well above the minimum 
threshold of 14% identified by Gebert et al. (2011) as suit-
able for effective methane oxidation in biofilter systems.

In terms of organic matter content, the compost used 
in CESM1 (44%) was markedly richer than that of CESM2 
(6.7 %), potentially supporting a denser and more ac-
tive methanotrophic community. This may help explain 
CESM1’s field performance. Nonetheless, the kinetic pro-
file of CESM2 still reflects strong intrinsic potential, sug-
gesting that its lower performance was not solely due to 
biological limitations, but also influenced by physical fac-
tors such as reduced porosity or even boundary conditions 
like the presence of a shelter enclosure. These findings em-
phasize the importance of both material composition and 
structural properties in determining biofilter effectiveness.

Although CESM1 benefitted from a prior acclimatiza-
tion phase, the evidence points toward the shelter enclo-
sure in CESM2 as a major limiting factor. Localized heat 
accumulation and surface fissuring, particularly in Zone 3, 
disrupted gas distribution within the MOL. In several cases, 
surface methane concentrations near fissures were equiv-
alent to inlet values, confirming the formation of preferen-
tial pathways that bypassed the MOL and compromised 
the biofilter’s overall efficiency.

The contrasted behavior of CESM1 and CESM2 high-
lights several practical implications for the design and 
operation of field‑scale methane oxidation biofilters. In 
CESM1, the clogging observed at the MOL–GDL interface 

illustrates the limitations of incorporating fine sand filter 
layers beneath high‑organic‑matter compost media. Deg-
radation and migration of organic components can lead to 
pore occlusion and cementation, ultimately restricting gas 
transfer and reducing long‑term reliability. These observa-
tions underline the importance of ensuring hydraulic and 
textural compatibility between adjacent layers, favoring 
materials with comparable permeability to minimize the 
risk of persistent clogging.

The performance of CESM2 further emphasizes the 
need to carefully balance structural stability and mois-
ture retention in the selection of structuring agents for 
structured engineered media. Although gravel enhanced 
mechanical stability and drainage, reduced water‑holding 
capacity contributed to desiccation, spatial heterogeneity, 
and reduced microbial robustness under field conditions. 
These effects were amplified by the presence of the shel-
ter enclosure, which modified thermal and hydric boundary 
conditions by limiting natural precipitation inputs and pro-
moting heat accumulation. In enclosed or semi‑enclosed 
configurations, such boundary‑condition effects should 
therefore be explicitly addressed through design measures 
aimed at moderating temperature and maintaining ade-
quate moisture levels, such as controlled ventilation, shad-
ing, or supplemental irrigation.

Finally, the development of surface cracking and pref-
erential gas pathways in CESM2 demonstrates the critical 
role of surface integrity in maintaining effective methane 
oxidation. Cracking reduced methane residence time and 
promoted localized bypass, particularly in upslope zones, 
leading to reduced apparent efficiency despite high micro-

FIGURE 5: Relationship between methane loading rate and oxidation efficiency for CESM1 and CESM2. CESM1 maintains consistently 
high efficiencies across a wide loading range, while CESM2 displays greater variability and reduced efficiency at both low and high load-
ings, indicating higher sensitivity to operational and boundary‑condition effects.
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bial potential. Routine surface inspection and timely cor-
rective interventions, including rewetting, recompaction, 
or shallow tilling, appear essential to sustain uniform gas 
distribution and stable performance over time. Collectively, 
these observations show that biofilter performance is gov-
erned not only by intrinsic material properties but also by 
construction details and boundary conditions, which must 
be jointly considered in practical design and operation.

4.	 CONCLUSIONS
This study highlighted key differences and shared pat-

terns between the CESM1 and CESM2 biofilters. Season-
al trends confirmed the role of ambient conditions, while 
lab tests showed that CESM1’s STEM had higher methane 
oxidation capacity. Both substrates, however, maintained 
a good oxidation potential. In the field, CESM1 delivered 
stable performance, whereas CESM2 showed higher vari-
ability and reduced efficiency.

This variability was primarily linked to the CESM2 shel-
ter enclosure, which altered the thermal and hydraulic con-
ditions within the system. These changes led to overheat-
ing, MOL cracking (especially in Zone 3), and gas bypass. 
Batch tests confirmed microbial activity loss, leading to 
remedial actions and a reacclimatization protocol.

Corrective measures began in fall 2024, with microbial 
recovery underway over winter. These findings show that 
while enclosures facilitate continuous monitoring, they can 
disrupt gas and moisture dynamics. Such effects must be 
addressed in the design of enclosed biosystems to ensure 
stable and efficient methane oxidation.

Based on these findings, the following practical recom-
mendations can be drawn:

•	 Avoid full enclosure without appropriate moisture and 
temperature control systems.

•	 Monitor and mitigate drying and cracking, particularly 
in upslope zones.

•	 Ensure a balance between structural stability and or-
ganic matter content in STEM design to maintain both 
permeability and microbial activity. 

Future work will focus on developing enclosure designs 
that allow continuous monitoring while minimizing adverse 
effects such as drying, overheating, and gas flow hetero-
geneity.
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