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Abstract
The quantitative assessment of landfill gas emissions is essential to assess the performance of the landfill cover and gas 
collection system. The relative error of the measured surface emission of landfill gas may be induced by the static flux 
chamber technique. This study aims to quantify effects of the size of the chamber, the insertion depth, pressure differential 
on the relative errors by using an integrated approach of in situ tests, and numerical modeling. A field experiment study of 
landfill gas emission is conducted by using a static chamber at one landfill site in Xi’an, Northwest China. Additionally, 
a two-dimensional axisymmetric numerical model for multi-component gas transport in the soil and the static chamber is 
developed based on the dusty-gas model (DGM). The proposed model is validated by the field data obtained in this study and 
a set of experimental data in the literature. The results show that DGM model has a better capacity to predict gas transport 
under a wider range of permeability compared to Blanc’s method. This is due to the fact that DGM model can explain the 
interaction among gases (e.g.,  CH4,  CO2,  O2, and  N2) and the Knudsen diffusion process while these mechanisms are not 
included in Blanc’s model. Increasing the size and the insertion depth of static chambers can reduce the relative error for the 
flux of  CH4 and  CO2. For example, increasing the height of chambers from 0.55 to 1.1 m can decrease relative errors of  CH4 
and  CO2 flux by 17% and 18%, respectively. Moreover, we find that gas emission fluxes for the case with positive pressure 
differential (∆Pin-out) are greater than that of the case without considering pressure fluctuations. The Monte Carlo method 
was adopted to carry out the statistical analysis for quantifying the range of relative errors. The agreement of the measured 
field data and predicted results demonstrated that the proposed model has the capacity to quantify the emission of landfill 
gas from the landfill cover systems.
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Notation
Vchamber  (M3) the volume of the chamber
Achamber  (M2) the base area of the chamber

rc  (M) the radius of the chamber
hc  (M) the height of the chamber
Ct  (Mol/m3) the mole concentration of compo-

nent i in the chamber at time t
Ct+Δt  (Mol/m3) the mole concentration of compo-

nent i in the chamber at time t + Δt
K  The gradient of C-t curve
θg  The air volume ratio
S  Degree of saturation
n  Porosity
τ  The tortuosity coefficient
z  (M) the depth
r  (M) the radius
ri  (Mol/kg/s) the reaction rate of component i
rCH4  (Mol/kg/s) reaction rate of  CH4
rCO2  (Mol/kg/s) reaction rate of  CO2
rO2  (Mol/kg/s) reaction rate of  O2
ρd  (Kg/m3) the dry bulk density of the soil
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Ni,z  (mol/m2/s) the flux of component i in the axial 
direction

Ni,r  (Mol/m2/s) the flux of component i in the 
radial direction

Ni,s  (Mol/m2/s) the total flux of component i in 
direction s (include z or r)

Ni,sD  (Mol/m2/s) diffusion flux of component i in 
direction s (include z or r)

Ni,sV  (Mol/m2/s) advection flux of component i in 
direction s (include z or r)

Nmeasure  (Mol/m2/s) the flux calculated by the concen-
tration–time curve

Nref  (Mol/m2/s) the referenced emission flux with-
out using the chamber

NBottom  (Mol/m2/s) flux at the bottom boundary
Ni,r  (Mol/m2/s) radial flux of component i.
kg  (M2) gas permeability
kgr  (M2) horizontal gas permeability
kgz  (M2) vertical gas permeability
μ  (Pa∙s) gas viscosity
R  (m3/Pa·K/mol) ideal gas constant
T  (K) absolute temperature
Dij  (M2/s) the ordinary diffusion coefficient 

between component i and j
DK

i  (M2/s) the Knudsen diffusion coefficient for 
component i.

ND
i,Blanc  (M2/s) the diffusion flux for component i by 

Blanc’s model
Di  (M2/s) diffusion coefficient for the component 

i for Blanc’s model
xi  Molar fraction of component i
xi,atm  The atmospheric mole fraction of component i
Vmax  (Mol/kg/s) maximum reaction rate of methane 

oxidation
kCH4  The half-saturation constant of  CH4
kO2  The half-saturation constant of and  O2
ε  The relative error of flux
p  (Pa) total gas pressure
patm  The absolute pressure
pi  (Mol/m3) the partial pressure of component i
pi,atm  The absolute partial atmospheric pressure of 

component i
pi,chamber  Partial pressure of component i inside the 

chamber

Introduction

Methane  (CH4) and carbon dioxide  (CO2) are the main 
components of landfill gas (LGF) produced from Munici-
pal Solid Waste (MSW) landfills (Xu et al. 2003; Feng 
et al. 2019). The quantitative assessment of landfill gas 
emissions is essential to assess the performance of landfill 

cover and gas collection systems (Feng et al., 2017; Bian 
et al. 2021; Fallah and Torabi 2021). There have been a num-
ber of recent studies developed to quantify the emissions of 
landfill gas using experimental and numerical approaches 
(Feng et al. 2020a; Ngusale et al. 2021). The field measure-
ment of landfill gas emission includes a variety of different 
approaches, including the chamber techniques (Davidson 
et al. 2002; Izumoto et al. 2018; Wang et al. 2019; Zhan 
et al. 2020), eddy covariance techniques (Detto et al. 2011; 
Prajapati and Santos 2018), flux-gradient techniques (Zhao 
et al. 2019; Huang et al. 2022) and  CH4 mixing ratio meas-
urements (Dlugokencky et al. 2009).

Among the numerous techniques available to measure 
methane emissions from landfills, the static chamber method 
is the most popular due to its simplicity and relatively low 
cost (Senevirathna et al. 2007; Farkas et al. 2011; Maier and 
Schack-Kirchner 2014; Zhan et al. 2020; Yilmaz et al. 2021). 
For example, Haro et al. (2019) used the static chamber to 
assess the  CH4 and  CO2 surface emissions from Polesgo's 
landfill. The static chamber method combined with a laser 
methane detector and a biogas analyzer was applied to 
investigate the landfill gas emissions and methane  (CH4) 
oxidation rates in landfill covers (Zhan et al. 2020). Yilmaz 
et  al. (2021) used the static flux chamber technique to 
investigate the transport mechanisms of landfill gas through 
various cover soils. Although the gas emission flux can be 
easily and directly calculated from the linear regression of 
the concentration–time curves by using the static chamber 
(Senevirathna et al. 2006; Venterea et al. 2020), the accu-
mulation of landfill gas in the chamber on the soil cover 
may lead to a decrease of the vertical concentration gradi-
ent and an increase of radial concentration gradient in the 
shallow ground (Venterea et al. 2020). Such changes may 
cause an unfavorable deviation (e.g., 27.8% underestimation) 
between the back-calculated and the actual fluxes (Janssens 
et al. 2000; Pape et al. 2009; Ding et al. 2015). The static 
chamber techniques could be a more attractive alternative 
if the errors/deviations can be minimized by a better design 
or operation.

Many works have been focused on studying effects of 
various factors, which include properties of the cover soil, 
the size of chambers, wind and pressures effects, etc., on 
errors and gas transport via experiments (Perera et al. 2002; 
Senevirathna et al. 2006; Venterea and Baker 2008; Venterea 
et al. 2009; Pihlatie et al. 2013; Redeker et al. 2015). For 
example, a laboratory experiment was conducted by Chris-
tiansen et al. (2011) to investigate the effects of the chamber 
height, soil properties and gas mixture on the relative error 
of the emission flux. The results showed that fluxes of  CH4 
were underestimated by a factor of 2 when the landfill gases 
were not well mixed. Davidson et al. (2002) reviewed sev-
eral concerns about uncertainties of chamber-based methods 
and proposed corresponding approaches (e.g., using brief 
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measurement periods, properly sized chamber and unre-
stricted flow) to minimize these errors and biases. The test 
results from Winton and Richardson (2016) indicated that 
concentrations of  CH4 were particularly sensitive to varia-
tions of air pressure. The experimental results reported by 
Pihlatie et al. (2013) demonstrated that relative errors can 
be minimized by using a larger chamber. However, Ding 
et al. (2015) claimed that only the height of chamber can 
effectively reduce relative errors instead of the cover area 
or size of chamber.

Current understanding of the relative error induced by 
using static chamber has been achieved mainly through 
extensive experimental studies in the last decade, while 
the developments in the theoretical investigation have been 
rather limited (Sahoo and Mayya 2010; Venterea 2013). In 
recent years, extensive efforts have been devoted to mod-
eling multi-component gases transport in the cover sys-
tems (Fen 2014; Ng et al. 2015; Feng et al. 2020b; Zuo 
et al. 2020; Bian et al. 2021). However, estimation models 
for landfill gases transport in the static chamber are limited 
to either empirical or single component models (Livingston 
et al. 2005; Senevirathna et al. 2007; Sahoo and Mayya, 
2010; Parkin et  al., 2012). For example, the traditional 
advection–diffusion (AD) model was widely used for inves-
tigating gas emission into the chamber headspace (Webb and 
Pruess 2003; Sahoo and Mayya, 2010; Cotel et al., 2015). 
Webb and Pruess (2003) pointed out that AD model may 
accurately describe emission of gases from a limited sam-
ple set on a single landfill site although it may over predict 
fluxes of traced gas for a lower gas permeability (kg <  10–13 
 m2). Perera et al. (2002), Senevirathna et al. (2007), Bian 
et al. (2020), Ng et al. (2015) and Bian et al. (2021) simu-
lated the movement of multi-component gases by using a 
model based on Blanc’s law, which considered reactive pro-
cesses and variations of diffusion coefficient as a function 
of gas concentrations. It is noted that Blanc’s model can 
be only applied for investigating the multi-component gas 
system in which the tracer gas is dilute (Hibi et al. 2009). 
However, the landfill gases are a multi-component mixture, 
and the composition and concentration can be very complex 
at different stages (He et al. 2012; Gutiérrez et al. 2017). 
Especially for static chambers, gases may accumulate in the 
system after the emplacement of static chamber, which may 
contribute to vertical and lateral migration of gases in the 
shallow area. These issues can result in big errors by using 
Blanc’s model. Under these circumstances, the dusty-gas 
model (DGM), which considers the interactions between 
different component gas and the relationship between the 
gas concentration and the flux, would be more appropri-
ate to investigate multicomponent gas emissions from the 
landfill cover (Fen 2014; Zuo et al. 2020). Although DGM is 
widely used for investigating multi-component gases migra-
tion in soils (Hibi et al. 2009; Fen, 2014; Zuo et al. 2020), 

the application of DGM for evaluating gas emission from 
the landfill cover and transport in the static chamber system 
are relatively rare.

The aim of this study is to address the need for quan-
tifying the relative errors induced by using a static cham-
ber and determining the effects of soil properties, chamber 
deployment strategies and flux calculation schemes on the 
relative errors to help design a better or conservative static 
chamber system. This is accomplished by presenting a set 
of theoretical formulations for coupling multi-component 
gas migration and exchange at the interface of soil and air. 
The developed model is then applied to assess the field 
monitoring data obtained by the static chamber method at a 
large-scale high kitchen food content landfill site in Xi’an, 
Northwest China.

Material and methods

Site description

The field test was conducted at the Jiangcungou landfill site 
on April 12th, 2015, which is located in the city of Xi’an 
in China. The area of the landfill is 7.34 ×  105  m2 with a 
capacity of 4.9 million  m3 MSW disposal, which mainly 
includes kitchen waste (51.4%), paper (12%), wood (2%), 
textile (4.4%), plastic (14.8%) and ash (12.3%) (Shen et al., 
2018). According to US EPA regulations, six monitored 
locations were regularly distributed on the surface of the 
temporary cover area (TVA) (Fig. 1), which was constituted 
by a 0.9-m-thick compacted loess layer (US EPA 2004). The 
distance among monitoring points was around 60 m. The 
MSW in TVA was less than 1 year. The dry density of the 
compacted loess at the top 0.3 m and 0.3–0.9 m is 1.3 g/cm3 
and 1.45 g/m3, respectively. The porosity of loess ranges 
from 0.47 to 0.52. The gas diffusion coefficient in the loess 
cover obtained from the field test was 2.86 ×  10–13  m2 (Zhan 
et al. 2016). The meteorological data, including wind speed, 
humidity, temperature, and atmospheric pressure during the 
field monitoring tests obtained from the local meteorological 
bureau are shown in Table 1.

Static chamber method

Figure 1b shows the static chamber used in the field. The 
chambers are made of plexiglass with a metal base. The 
radius and height of the chamber are 0.25 m and 0.55 m, 
respectively. The static chamber sidewall was equipped with 
a fan to mix the chamber headspace at a speed of 156 L/min 
(Christiansen et al. 2011). The fan was small, and the effect 
of the revolving speed of the fan on the monitored gas fluxes 
can be neglected (Gonzalez-Valencia et al. 2015; Tamminen 
et al. 2016). Tedlar bags and air pumps were used to collect 
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LFG from selected locations. The flow rate of the air pump 
is 2 L/min. The capacity of the Tedlar bag for gas collec-
tion is 0.5 L, which accounts for 0.72% of the volume of the 
chamber. Therefore, it is reasonable to assume that volume 
change in the chamber induced by gas collection in the bag 
can be neglected (Wang et al., 2020). Both pumps (GP-2000) 
and Tedlar bags were provided by Huibin Instrument Com-
pany (Shanghai, China).

Firstly, the flexible pedestal was inserted into the soil with 
a depth of 0.01 m before the test. Once the chamber was 
placed at the sampling location, the groove in the metal base 
was filled with water to seal over the system during the test. 
All the valves were then shut off to allow gas to accumulate 
in the chamber. The sealing process can effectively prevent 
gas exchange between the chamber and the atmosphere 
(Wang et al. 2020). There was no air bubble in the water 
observed during the test, which indicates that the seal was 
good. The landfill gas was sampled every 10 min for 30 min. 
The concentration of  CH4 in the air-bag was analyzed in the 
laboratory by the gas chromatograph GC9800, which has 
a high measurement accuracy for  CH4 (e.g., within 0.1% 

error). 2 mL gas in the air-bag was manually injected into the 
gas chromatograph by the syringe. The gas chromatograph 
was equipped with a thermal conductivity detector (TCD). 
The carrier gas was  H2. The temperature of the column, gasi-
fication chamber, and detector is 80 ◦C , 100 ◦C , and 120 ◦C 
respectively.

The gas release flux is calculated by the gradient of con-
centration in the static chamber as follows (Rochette and 
Hutchinson, 2005):

where, Nmeasure (mol/m2/s) is the flux calculated by the con-
centration–time curve; Vchamber and Achamber are the volume 
 (m3) and base area  (m2) of the chamber, respectively. Ct 
(mol/m3) and Ct+Δt represent the mole concentration of 
component i in the chamber at time t and t + Δt, respec-
tively; and k is the gradient of C-t curve. The slope (k) of 
the concentration–time curve was obtained by fitting the 
C-t curve.

Mathematical model

The main assumptions for the proposed mathematical model 
are as follows: (1) gas is well mixed in the chamber; (2) the 
soil is homogeneous; (3) gas flux is distributed uniformly 
at the bottom of the cover soil; (4) effects of atmospheric 

(1)Nmeasure =
Vchamber

Achamber

×
Ct+Δt − Ct

Δt
=

Vchamber

Achamber

⋅ k

Fig. 1  (a) Static chamber monitoring point at Jiangcungou landfill and (b) photograph of equipment applied in the field

Table 1  Meteorological values during field measurements

Date Wind speed
m/s

Humidity
%

Atmospheric 
pressure
hPa

Temperature
℃

12 April 
2015

0.2–2.8 38.5–82.6 943–953.4 17.2–29.2
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pressure and temperature on gas transport are negligible; 
(5) gas transport in the soil reaches the steady state before 
the chamber is deployed over the soil. The schematic of gas 
transport in the cover soil with the static chamber is shown 
in Fig. 2.

Governing equation

The theoretical formulation for two-dimensional multi-
component gas transport in the cover system was given by 
(Bear 1972):

where θg is the air volume ratio; z and r (m) are the depth 
and radius, respectively; pi (mol/m3) is the partial pressure 
of component i; ri (mol/kg/s) represents the reaction rate of 
component i; ρd (kg/m3) is the dry bulk density of the soil; 
Ni,z and Ni, r (mol/m2/s) are the flux of component i in the 
axial and radial direction, respectively.

The total flux in direction s (include z or r) is given by 
(Mason and Malinauskas 1983):

where, Ni,s
D is diffusion flux and Ni,s

V is advection flux.
The advection flux can be derived based on Darcy’s law 

(Ho and Webb 2006)

(2)�g ×
1

RT

�pi

�t
+

1

r
Ni,r +

�Ni,r

�r
+

�Ni,z

�z
= �dri

(3)Ni,s = NV
i,s
+ ND

i,s

(4)NV
i,s
= −

pi

RT
×
kg

�
⋅

dp

ds

where, kg  (m2) is the gas permeability; μ (Pa∙s) is the gas 
viscosity; R  (m3/Pa·K/mol) is the ideal gas constant; T (K) 
is the absolute temperature; p is the total gas pressure.

The relationship between diffusion flux and partial 
pressure can be described by the Dust Gas Model (DGM) 
(Mason and Malinauskas 1983):

where, τ is the tortuosity coefficient for the material; Dij 
 (m2/s) is the ordinary diffusion coefficient between compo-
nents i and j; DK

i  (m2/s) is the Knudsen diffusion coefficient 
for component i.

The Knudsen diffusion coefficient can be calculated by 
(Moldrup et al. 2000):

The simplified Blanc’s model was also widely used to 
calculate the diffusion flux (Reid et al. 1987).

where, the diffusion coefficient for the component i (Di) is 
given by:

where, xi is the molar fraction of component i. xi can be 
written as

(5)
∑n

j=1,j≠i

piN
D
j,s
−pjN

D
i,s

�Dijp
−

ND
i,s

DK
i

=
1

RT
⋅
�pi

�s
i = 1, 2,⋯ , n

(6)DK
i
=

krgk

�i

5.57
(
k ⋅ krg

)−0.24 �i

�air

(7)ND
i,Blanc

= −�Di

�Ci

�z

(8)
Di =

1

�
∑n

j = 1

j ≠ i

xj

Dij

Fig. 2  Schematic diagram of 
gas transport in cover soil with 
static chamber
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The reaction rate of methane (rCH4) is given by the fol-
lowing equation (Abichou et al. 2011):

where, Vmax (mol/kg/s) is the maximum reaction rate of 
methane oxidation; kCH4 and kO2 are the half-saturation con-
stant of  CH4 and  O2, respectively.

The reaction rate of  CO2 and  O2 can be given by (De 
Visscher and Cleemput 2003)

By substituting the variable expressions in Eqs. (3), (4), 
(5), and (10) into Eq. (2), four linearly independent par-
tial differential equations  (CH4,  CO2,  O2, and  N2) based on 
the DGM model with four components can be obtained as 
follows:

and

(9)xi =
Ci

�
∑n

i=1
Ci

=

pi

p

(10)rCH4
=

VmaxxCH4
⋅ xO2(

kCH4
+ xCH4

)(
kO2

+ xO2

)

(11)rCO2
= −0.5rCH4

(12)rO2
= −1.5rCH4

(13)

�g

RT
×

�

�t

⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦
+

1

r

⎛⎜⎜⎜⎝
(B)−1

1

RT

�

�r

⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦
+

krgki

RT�

�
�p

�r

�⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

+
�

�r

⎛⎜⎜⎜⎝
(B)−1

1

RT

�

�r

⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦
+

krgki

RT�

�
�p

�r

�⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

+
�

�z

⎛⎜⎜⎜⎝
(B)−1

1

RT

�

�z

⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦
+

krgki

RT�

�
�p

�z

�⎡⎢⎢⎢⎣

p1
p2
⋯

pn

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠
=

⎡⎢⎢⎢⎣

r1
r2
⋯

rn

⎤⎥⎥⎥⎦
× �d

(14)B =

⎡
⎢⎢⎢⎣

B11 B12 ⋯ B1n

B21 B22 ⋯ B2n

⋯

Bn1

⋯

Bn2

⋯ ⋯

⋯ Bnn

⎤⎥⎥⎥⎦

(15)
Bii =

1

DiM

+

n∑

j = 1

j ≠ i

pj

p�Dij

(16)Bij(i≠j) = −
pi

p�Dij

The surface flux without chamber is referred to as 
the reference flux. After the installation of chambers, 
the flux entering the chamber may be smaller than the 
real gas flux without chambers (called reference flux in 
the following section) due to the accumulation of gas 
concentration in the static chamber. The relative error 
between the flux entering the chamber and the reference 
flux is given by

where, ε is the relative error of flux; Nmeasure (mol/m2/s) is 
the flux entering the chamber; and Nref (mol/m2/s) is the 
referenced emission flux without using the chamber.

Boundary and initial conditions

Boundary conditions

At the surface of the soil outside the chamber, partial pres-
sure for each component is considered as the atmospheric 
condition. The top boundary condition outside the chamber 
is:

where, xi,atm is the atmospheric mole fraction of component 
i; and patm is the absolute atmospheric pressure.

Gas concentrations in the chamber are assumed to be 
homogeneous after the chamber is deployed. It is assumed 
that the gases released from the soil surface mix well in the 
static chamber (see assumption 1). Thus, the top boundary 
condition inside the chamber is:

where, the second term on the right side of Eq. (19) is the 
concentration of gases entering the static chamber when the 
chamber was deployed. Ni,z is the surface flux of component 
i at time t; Vchamber is the volume of the static chamber and rc 
is the radius of the chamber.

The bottom boundary is set as a constant flux since the 
gas generation rate at the bottom of the cover layer was 
assumed to be a constant:

It should be noted that the bottom fluxes of  CH4 and  CO2, 
which represent the gas generation from the degradation of 
MSW, are constant. The fluxes of  O2 and  N2 are neglected 
at the bottom of the soil cover.

(17)� =
Nref − Nmeasure

Nref

× 100%

(18)pi,z=0 = pi,atm = xi,atm ⋅ patm z = 0, t ≥ 0

(19)pi,chamber = pi,atm +
RT ∬ Ni,zdAdt

Vchamber

r ≤ rc, z = 0, t ≥ 0

(20)Ni,z = NBottom z = −L, t ≥ 0

74230 Environmental Science and Pollution Research (2022) 29:74225–74241



1 3

The inner wall of the insertion part of the chamber is 
impermeable. The horizontal flux at the inner wall of the 
chamber is assumed to be 0 (Sahoo and Mayya 2010):

where, Ni,r is the radial flux of component i.

The initial conditions

Initial conditions for gas migration in the chamber were 
obtained from the steady-state model as the gas transport 
in the landfill cover was assumed to reach the steady-state 
before the placement of static chamber (see assumption 
5). The steady-state concentration profiles of gases were 
obtained by using Eq. (13). In the steady-state model, the 
top boundary is assumed to be

A steady-state concentration profile of gas can be 
obtained by solving Eq. (13) combined with the boundary 
conditions (Eqns. 18 - 21). This concentration profile was 
then adopted as the initial concentration for the transient 
transport of landfill gas with the static chamber deployed.

Given the specific boundary condition in the “Bound-
ary and initial conditions” section and the parameter val-
ues in Table 2, Eq. (13) can be solved using the PDE mod-
ule in the finite element software, COMSOL Multiphysics 
software 5.1 (COMSOL, 2014). The convergence of the 

(21)Ni,r = 0 r = rc

(22)pi, t=0 = pi, atm t = 0

model was validated by using systematic mesh refine-
ment to its geometry until grid-independent results were 
obtained. The mesh of the 2D model’s geometry was in 
the range of 3 ×  10–4 -0.067 m.

Validation of the proposed model

A series of experimental works on the transient surface 
emission of landfill gas by Senevirathna et al. (2007) and 
Perera et al. (2002) is used to validate the current numeri-
cal model. Perera et al. (2002) studied the effects of cham-
ber size on the emission of  CO2, while Senevirathna et al. 
(2007) mainly focused on investigating the variations of 
multi-components gases concentration in the chamber. The 
relative parameter values used for the simulations are shown 
in Table 2.

The inner diameter and height of the soil column used 
by Perera et al. (2002) were 0.45 m and 0.8 m, respectively. 
Three different sizes of chambers (e.g., 0.1 m × 0.05 m, 
0.2 m × 0.12 m and 0.25 m × 0.16 m) were used to study 
the effects of chamber size on the emission of landfill gas. 
The bottom flux of  CO2 was 199 g/m2/d (i.e., 5.2 ×  10–5 mol/
m2/s). Figure 3a shows the comparison of transient  CO2 con-
centration between experimental data and numerical results 
with the different sizes of chambers. It can be seen that the 
 CO2 concentrations predicted by the present model have 
good agreement with the experimental data. The experimen-
tal results demonstrated that increasing chamber size may 

Table 2  Parameters used in the comparison of experimental results and numerical model

a Thorstenson and Pollock (1989)

Parameter Perera et al. (2002) Senevirathna et al. (2007)

Compost Soil

Depth (m) 0–0.8 0–0.13 0.13–0.26
Horizontal permeability, kgr  (m2) 5 ×  10–10 1 ×  10–13 1 ×  10–12

Vertical permeability, kgz  (m2) 1 ×  10–10 1 ×  10–14 1 ×  10–13

Degree of saturation, S 0.25 0.10 0
Porosity, n 0.38 0.83 0.33
Air volume ratio, θg 0.285 0.75 0.33
Tortuosity coefficient, τ 0.13 0.0625 0.1895
maximum reaction rate of methane oxidation, Vmax (mol/kg/s) 0 7.7 ×  10–9 0
Flux at the bottom boundary, Nbottom (mol/m2/s) CO2: 5.2 ×  10–5 CH4: 2.17 ×  10–4

CO2: 7.89 ×  10–5

Size of chamber (m) ID H ID: 0.1016
H: 0.1016Small 0.1 0.05

medium 0.2 0.12
Large 0.25 0.16

Dij  (m2/s a) N2- O2 2.083 ×  10−.5 O2 -CO2 1.635 ×  10–5

N2 -CO2 1.649 ×  10–5
O2—CH4 2.263 ×  10–5

N2 -CH4 2.137 ×  10–5
CO2-CH4 1.705 ×  10–5

74231Environmental Science and Pollution Research (2022) 29:74225–74241



1 3

lead to a fast increase of gas concentration in the first 15 min 
while the increasing rate was reduced in the last 5 min. This 
trend is correctly captured by the current model.

Multi-component gas (e.g.,  CH4,  CO2,  O2, and  N2) 
transport in the landfill cover soils and the chamber was 
experimentally studied by Senevirathna et al. (2007). The 
thickness of the cover layer was 0.26 m. It consists of the 
top organic soil (0–0.13 m) and the bottom composting 
layer (0.13–0.25 m). The diameter and height of the static 
chamber were both 0.1016 m. The bottom fluxes for  CH4 
and  CO2 were both 300 g/m2/d. The gas concentration at 
the top boundary was atmospheric concentration (i.e., 
Patm = 101  kPa, xCH4 = 0%, xCO2 = 0.03%, xN2 = 78.5%, 

xO2 = 21.5%). Figure 3b shows the comparison of the evo-
lution of  CH4 and  CO2 concentrations between the experi-
mental data and the results obtained by the model. There is a 
good agreement between the present model and experimen-
tal data. The validations presented above provide confidence 
that the developed numerical model can be used to investi-
gate the performance of multi-component gas transport in 
the cover system and static chamber.

These observations encourage further numerical study 
and quantification of the relative errors under different con-
ditions (e.g., the effects of bottom flux condition, the inser-
tion depth, and size of the chamber).

Results and discussions

In this section, the significance of developments of DGM 
model for investigating multi-component gases transport in 
soil covered by the static chamber will be first illustrated by 
the comparison with the Blanc’s model. The effects of the 
key factors, including the size of the chamber, the insertion 
depth and pressure differential on the transport of gas in soil 
covered by the static chamber will be further investigated. 
The parameters used for simulations are shown in Table 3.

Comparison of Blanc’s model and the proposed 
DGM model

Simulations were performed to examine the difference 
between the predictions of the present dusty gas model 
(DGM) (Eq. 5) and Blanc’s model (Eq. 7). It is noted that 
most of the existing numerical models for gas transport in the 
static chamber were developed based on Blanc’s law (Perera 
et al. 2002; Senevirathna et al. 2007; Bian et al. 2020, 2021; 
Ng et al. 2015). However, Blanc’s model may be only valid 
for investigating the multi-component gas system in which 
the tracer gas is dilute (Hibi et al. 2009). Gas accumulation 
induced by the installation of chambers may lead to incon-
sistent predicted results with field or experimental observa-
tion by using Blanc’s model. Therefore, from the analysis of 
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Fig. 3  Gas concentration in the chamber over time: (a) the concen-
trations of  CO2 under different sizes of chamber (Perera et al. 2002) 
and (b) multi-component landfill gas release from the landfill cover 
system (Senevirathna et al., 2007)

Table 3  main parameters for model calculation

Parameters Values Range

The bottom flux NBottom (mol/m.2/s) 1 ×  10–5 1 ×  10–9-1 ×  10–3

tortuosity coef-
ficient

τ 0.1 0.001–0.9

gas permeability kg (m.2) 4 ×  10–12 1 ×  10–19-1 ×  10–9

Height of the 
chamber

hc (m) 0.55 0.275- 1.1

Radius of the 
chamber

rc (m) 0.25 0.125–0.5

Insertion depth hi (m) 0.1 0.01–0.5
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field data and considering the limitations of Blanc’s model, 
DGM is introduced in this study to investigate multi-com-
ponent gases transport in soil covered by the static chamber.

Comparisons of  CH4 and  CO2 fluxes obtained by Blanc’s 
model and DGM model were demonstrated in Fig. 4. Gener-
ally, emission fluxes of  CH4 and  CO2 from the covered soil 
into the chamber increased with time increasing. It is noted 
that fluxes predicted by DGM model and Blanc’s model 
are very close for the case with kg =  10–13  m2 while differ-
ences increase with the reduction of the permeability. For 
example, the flux of  CH4 obtained by DGM model was 1.9 
times greater than that of Blanc’s model for kg =  10–15  m2 at 
t = 50 min. Furthermore, the effects of the permeability on 

emission fluxes of gases (e.g.,  CH4 and  CO2) are negligible 
for Blanc’s model. There are two reasons for the difference 
obtained by DGM and Blanc’s model. First, decreasing the 
permeability of cover soil can reduce the advection flux of 
gases(Zuo et al. 2020). As a result, diffusion mechanisms 
may play a dominant role in governing gases transport. 
The interaction among gases (e.g., collision) is enhanced, 
which can be captured by DGM model (Krishna and Wes-
selingh 1997). Secondly, a lower permeability can enhance 
the Knudsen diffusion process, which leads to an increase in 
concentration gradients, while it is not considered in Blanc’s 
model. Moreover, the Knudsen diffusion process may con-
tribute to the migration of gas when the gas permeability 
is less than  10–13  m2. Similar trends were reported by Fen 
(2014) that the Knudsen diffusion process may affect gas 
transport in soils with low permeability.

The above results indicate Blanc’s model cannot be 
applied to a multi-component gas system with a wide range 
of gas concentration and low gas permeability soil (e.g., 
kg <  10–13  m2). Therefore, developments of DGM model are 
necessary to improve the predicted capacity of numerical 
models for studying multi-component gas transport in the 
cover soil and the static chamber even for the case with low 
permeability cover.

Effects of chamber sizes on the relative error (ε)

Figure 5 shows the influence of the radius (rc) and height 
(hc) of the static chamber on the relative errors (ε). The 
chamber size with hc = 0.55 m and rc = 0.25 m used in the 
field test is considered as a reference case. It can be found 
that the relative error increases with the deployment time 
increasing. The predicted relative error for the flux of  CH4 
and  CO2 showed similar trends. Generally, increasing the 
size of static chamber, including the height and the radius, 
can reduce the relative error for the flux of  CH4 and  CO2. 
Increasing hc from 0.55 m to 1.1 m can reduce the rela-
tive errors of  CH4 from 44 to 25% at t = 60 min for τ = 0.4, 
kg = 4 ×  10–12  m2. Similarly, when the radius of the chamber 
increases from 0.25 m to 0.5 m, the relative error of  CH4 
is decreased by 13.1%. Similar observations were reported 
by Pihlatie et al. (2013) that the underestimation of the flux 
decreased with increasing chamber size. However, Ding 
et al. (2015) reported a different conclusion that the rela-
tive error was only sensitive to the height of the chamber 
instead of the radius or volume of the chamber. The dif-
ference reported in existing literature may be attributed 
to characterizations of soils (e.g., tortuosity and perme-
ability of soils). Figure 5a and c shows effects of chamber 
sizes on relative errors of  CH4 under different soil charac-
terizations, including cases with τ = 0.4, kg = 4 ×  10–12  m2 
and τ = 0.1, kg = 4 ×  10–14  m2. Correspondingly, effects of 
chamber sizes on relative errors of  CO2 under different soil 
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characterizations are demonstrated in Fig. 5b and d. It can 
be seen that relative errors of  CH4 and  CO2 are less influ-
enced by chamber sizes for the case with compacted soils 
(e.g., τ = 0.1, kg = 4 ×  10–14  m2). For example, decreasing 
the height of chamber for τ = 0.1and kg = 4 ×  10–14  m2 may 
increase relative errors of  CH4 and  CO2 by 11.5% and 9.1% 
than that of τ = 0.4 and kg = 4 ×  10–12  m2. However, reducing 
the radius of chamber for τ = 0.1and kg = 4 ×  10–14  m2 may 
only increase relative errors of  CH4 and  CO2 by 6.1% and 
4.3% than that of τ = 0.4 and kg = 4 ×  10–12  m2. The above 
results indicate that relative errors are more sensitive to vari-
ations in chamber heights compared to changes in chamber 
radius when τ = 0.1 and kg = 4 ×  10–14  m2.

In conclusion, increasing the height as well as the radius 
of the chamber can be an effective approach to decrease 
the relative error for the case with greater gas permeabil-
ity and diffusion coefficient (e.g., τ = 0.4, kg = 4 ×  10–12  m2). 
Additionally, shortening deployment times may improve the 
accuracy of the flux predictions.

Effects of the insertion depth  (hi) of chamber 
on the relative errors

Figure 6 shows the effects of the insertion depth on the rela-
tive errors of  CH4 and  CO2 fluxes. The insertion depth varies 
from 0.01 to 0.5 m. It can be seen that the relative errors of 
 CH4 fluxes reduce with the insertion depth increasing. When 

the insertion depth increases from 0.01 m to 0.1 m, the relative 
error of  CH4 and  CO2 flux decreases from 94.4 to 64.1% and 
83.2 to 48.2% at t = 50 min, respectively. It can be explained 
that increasing the insertion depth can prevent the horizontal 
transport of gas in the shallow area, which leads to the reduc-
tion of the deviations of the measured gas flux. However, the 
relative error for  CH4 decreases slightly (e.g., 7.2%) when 
the insertion depth increases from 0.2 to 0.5 m. The result 
indicates that the horizontal gas transport is only significant 
for the case within the depth of 0.2 m. Additionally, it can be 
seen that the relative error of  CH4 fluxes is larger than that of 
 CO2. This may be explained by that  CO2 has a larger molecu-
lar mass and samller diffusion coefficient compared to  CH4, 
which leads to a lower the relative error of  CO2.

In order to further explore the influence of insertion 
depth on the relative error, the horizontal advection fluxes 
and diffusion fluxes are plotted in Fig. 7. It is demontrated 
that the dominant mechanism for  CH4 and  CO2 transport in 
the horizontal direction in the system is diffusion. Figure 7 
shows that horizontal advection fluxes of  CH4 and  CO2 are 
one order magnitude less than that of diffusion fluxes for 
the case with hi = 0.01 and 0.1 m. This observation is con-
sistent with phenomena reported by Bian et al. (2021) that 
the diffusion process played the main role in governing the 
transport of gases in the shallow area. Increasing insertion 
depth can impede the horizontal diffusion fluxes of gases. 
For example, increasing insertion depth from 0.01 m to 

Fig. 5  The effect of hc and rc 
on the relative error for (a) 
 CH4 with τ = 0.4, kg = 4 ×  10–12 
 m2, (b)  CO2 with τ = 0.4, 
kg = 4 ×  10–12  m2, (c)  CH4 
with τ = 0.1, kg = 4 ×  10–14 
 m2 and (d)  CO2 with τ = 0.1, 
kg = 4 ×  10–14 m.2
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0.1 m results in a decrease in diffusion fluxes of  CH4 and 
 CO2 by a factor of 0.2 and 0.16, respectively. Therefore, a 
reduction of relative errors induced by increasing insertion 
depth can be attributed to the horizontal diffusion of gases 
(Fig. 7). These results demonstrated that lateral gas transport 
mainly occurs in the shallow area of the soil, due to the fact 
that the accumulation of concentration is within the depth of 
0.1 m. The above results indicated that the insertion depth 
of the chamber should be greater than 0.1 m in field tests.

Effects of pressure differential near the surface 
boundary on emission fluxes

In this section, effects of the pressure difference between 
the inside and outside the chamber at the top boundary on 

emission fluxes of  CO2 and  CH4 are quantified. Pressure dif-
ferential (∆Pin-out) may be driven by spatially and temporally 
variable winds and pressures after the installation of chambers 
(Xu et al. 2006; Liu et al. 2019). It is reported that the pres-
sure is sensitive to variations of wind speed when the speed is 
above an certain value (e.g., 3 m/s) (Chi et al. 2013; Laemmel 
et al. 2017).The pressure differential may have a range from 
-0.1 kPa to 0.1 kPa (Gebert et al. 2011; Redeker et al. 2015). 
It should be noted that fluctuations of wind speed may also 
affect gas transport process from the cover soil to the air and 
mixing in the headspace (Ahmadi et al., 2021), which was not 
assessed in this study.

Figure 8 shows the effects of ∆Pin-out on surface-emission 
fluxes of  CH4 and  CO2 in the chamber. The positive pres-
sure differential represents the case that pressure inside the 
chamber is larger than that outside the chamber. ∆Pin-out = 0 
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is selected as the reference case to investigate effects of pres-
sure differential on emission fluxes. We find that gas emis-
sion fluxes are greater than that of the reference case when 
the pressure differential (∆Pin-out) is positive. For example, 
emission fluxes of  CH4 and  CO2 are decreased by 41% and 
28% for ∆Pin-out = 100 Pa compared to the reference case at 
t = 20 min. The positive pressure differential (∆Pin-out > 0) 
may cause a temporary increase in vertical pressure gradient 
and concentration differences of gases between the inside 
and outside chambers. As a result, gases can transport from 
the chamber to cover soils in the near-surface area, which 
leads to lower gas fluxes in the chamber. Additionally, 
effects of pressure differential are reduced with increasing 
deployment times. For example, the negligible difference 
may be found for different ∆Pin-out when t > 50 min (see 
Fig. 8). This is due to the fact that although pressure dif-
ferential can temporally affect the distribution of gas fluxes 

and concentrations, the pressure differential caused by the 
temporary pressure fluctuation in the top boundary may 
decrease with times increasing as the bottom boundary was 
set as a constant flux in the simulation (Eq. 20).

Applications of the model in a field study

The concentrations of  CH4 in the chamber at different 
field locations are shown in Fig. 9. The locations of the 
monitoring points are shown in Fig. 1 and were chosen 
according to US EPA (2004). The measured methane 
emission fluxes can be obtained by Eq. (1) based on the 
C-t data. The gas flux calculated by the linear regres-
sion method at different monitored locations is provided 

Fig. 8  The effect of air pressure fluctuation on gas emission flux at 
the soil surface in the area covered by static chamber (a)  CH4 and (b) 
 CO2

0 5 10 15 20 25 30 35
0.0

0.3

0.6

0.9

1.2

1.5

Location #1 (Test data)
Location #5 (Test data)
Location #6 (Test data)
�=10% (Proposed Model)
�=50% (Proposed Model)

C
on

ce
nt

ra
tio

n
of

 C
H 4

(%
)

Time (min)

#1

#5

#6

(a)

0 5 10 15 20 25 30
0.0

0.3

0.6

0.9

1.2

1.5

C
on

ce
nt

ra
tio

n
of

 C
H

4
(%

)

Time (min)

#2

#3
#4

Location #2 (Test data)
Location #3 (Test data)
Location #4 (Test data)
�=10% (Proposed Model)
�=50% (Proposed Model)

(b)

Fig. 9  Comparison of  CH4 concentration between the field data and 
numerical results

74236 Environmental Science and Pollution Research (2022) 29:74225–74241



1 3

in Table 4. It can be seen that the gas flux ranges from 
2.7 ×  10–6 to 8.7 ×  10–5  mol/m2/s, which is coincident 
with observations in the high-level kitchen waste content 
MSW in China (e.g., 4.69 ×  10–8-6.25 ×  10–5 mol/m2/s in 
Xiamen, 0–1.0 ×  10–3 mol/m2/s in Beijing and 5.3 ×  10–6 
-2.5 ×  10–5 mol/m2/s in Nanjing) (Wang et al. 2017; Li 
et al. 2020; Zhang et al. 2019). The dry density of the 
compacted loess at the top 0.3 m and 0.3–0.9 m is 1.3 g/
cm3 and 1.45 g/m3, respectively. The porosity of loess 
ranges from 0.47 to 0.52. The gas diffusion coefficient in 
the loess cover obtained from the field test was 2.86 ×  10–13 
 m2 (Zhan et al. 2016). The meteorological data, including 
wind speed, humidity, temperature, and atmospheric pres-
sure, during the field monitoring tests obtained from the 
local meteorological bureau are shown in Table 1. It should 
be pointed out that extensive studies have demonstrated 
that the surface gas emission fluxes may exhibit promi-
nent spatial and temporal variations as landfill gas emis-
sions may be largely affected by waste age, cover types, 
components of wastes and landfill management strategies 
(Pierini et al. 2018; Wang et al. 2020; Duan et al. 2021). 
The organic content, porosity and water distribution in 
cover soils can affect the reaction rate and migration of 
gases in the system. Moreover, key experimental factors 
(e.g., temperature, wind speed and air pressure on the 
near surface of soils) may contribute to fluctuations of gas 
emission rate (Bian et al. 2019; Pinheiro et al. 2019; Zhan 
et al. 2020). It should be noted that the above factors are 
not considered in this study. This is considered as a limita-
tion of the current study.

The maximum measured concentration of  CH4 was in 
position 1 (called  p1), which is then followed by  p6,  p5,  p2, 
 p4, and  p3. It can be seen that the concentration of  CH4 at 
 p2,  p4 and  p3 is significantly lower than that observed at  p1. 
A possible explanation for this might be that  p2,  p4 and  p3 
had lower  CH4 emission fluxes. This resulted in less  CH4 
concentration observed in the chamber. Additionally, the rate 
of concentration increase was reduced with time increasing 
except for  p3 and  p6. It demonstrated that the emission of 
 CH4 was attenuated by the chamber. The controversial trend 
observed at  p3 and  p6 might be attributed to the pressure 

fluctuations and the mass flow of soil air induced by the 
chamber placement (Takle et al. 2004; Bain et al. 2005).

The numerical results obtained by the present model 
are provided in Fig. 9. The gas components considered 
in the model are  CH4,  O2 and  N2. The geometry of the 
model is the same as the chamber used in the field test with 
hc = 0.55 m and rc = 0.25 m. The top boundary was fixed 
as the gas concentrations in air. The bottom boundary was 
assumed to be a constant flux, which can be approximated 
by the referenced emission flux (Nref) given in Eq. (17). It 
can be seen that Nref is dependent on the relative error (ε), 
which is largely affected by properties of soil (e.g., diffu-
sivity and permeability). The Monte Carlo (MC) method, 
also known as statistical simulation method, was adopted 
in this section to carry out the statistical analysis of dif-
ferent parameters (e.g., gas permeability, diffusivity and 
tortuosity of the soil cover). The simulation starts with 
the characterizations of uncertain parameters. Appropriate 
probability distributions are used to model uncertainties in 
the input parameters. The field data reported by (Moldrup 
et al. 2000; Fujikawa and Miyazaki 2005; Fen 2006; Wick-
ramarachchi et al. 2011; Garg et al. 2019; Li et al. 2019; 
Huang et al. 2020) showed that the mean of tortuosity 
and permeability ranges from 0.001 to 0.9 and  10–19 and 
 10–9  m2, respectively. Gas permeability and tortuosity 
are assumed to obey normal distribution in this section. 
Then, a large number of random samples (e.g., 1000) of 
the uncertain variables are generated from their respec-
tive probability distributions, followed by relative errors 
calculation using Eq. (17). Finally, a statistical analysis of 
the output is performed to estimate the range of relative 
errors induced by using static chambers.

Figure 10 shows the predicted results obtained by the 
proposed model with ε ranging from 10 to 50%. It should 
be noted that a large relative error (e.g., ε = 50%) can be 
observed for the case with the high gas permeability and dif-
fusion coefficient (e.g., kg = 1.0 ×  10–11  m2 and τ = 0.6); con-
versely, a small relative error (e.g., ε = 10%) represents the 
soil with the low gas permeability and diffusion coefficient 
(e.g., kg = 1.0 ×  10–14  m2 and τ = 0.1). It can be seen that the 
measured concentration of  CH4 is almost within the ranges 

Table 4  Gas flux calculated by 
the linear regression method 
and the numerical model

Position Nmeasure
Linear regres-
sion mol/m.2/s

Assumed ε
%

Nref 
Numerical model
mol/m.2/s

R.2 for numeri-
cal model

τ kg
m.2

Location 1 8.76 ×  10–5 30.0% 1.25 ×  10–4 0.9934 0.4 1 ×  10–12

Location 2 2.70 ×  10–6 35.0% 4.15 ×  10–6 0.9781 0.5 1 ×  10–11

Location 3 2.81 ×  10–5 6.7% 3.00 ×  10–5 0.9176 0.1 1 ×  10–15

Location 4 1.21 ×  10–5 28.4% 1.69 ×  10–5 0.9994 0.4 1 ×  10–14

Location 5 7.33 ×  10–5 35.0% 1.13 ×  10–4 0.9824 0.5 1 ×  10–11

Location 6 7.30 ×  10–5 10.0% 8.11 ×  10–5 0.9920 0.1 1 ×  10–14
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obtained by the numerical model. Figure 10 shows that the 
best fitted relative error for  p1,  p2,  p3,  p4,  p5 and  p6 is 30.0%, 
35%, 6.7%, 28.4%, 35.0%, and 10.0%, respectively. All these 
fitted relative errors are in the range obtained by the Monte 
Carlo (e.g., 0.03–60%). The above results demonstrate that 
the proposed numerical model has the capacity to quantify 
the concentration of  CH4.

Conclusions

A field test of landfill gas emission is conducted by using the 
static chamber at one landfill site located in Xi’an, Northwest 
China. In order to investigate the reliability of the chamber 
method, a two-dimensional axisymmetric numerical model 
for multi-component gas transport in the soil and the static 
chamber is developed based on DGM. The proposed model 
is validated by the field data obtained in this study as well 
as a set of experimental data in the literature. The proposed 
model is used to investigate the effects of the insertion depth 
and size of the chamber on the relative errors.

A comparison of DGM model and Blanc’s method indi-
cates that DGM model has the capacity to predict the gas 
transport under a wider range of permeability (kg <  10−14 m). 
For example, the flux of  CH4 obtained by DGM model was 
1.9 times greater than that of Blanc’s model for kg =  10–15 
 m2 at t = 50 min. This is due to the fact that DGM model 
can explain the interaction among gases (e.g.,  CH4,  CO2, 
 O2 and  N2) and the Knudsen diffusion process while these 
mechanisms are not included in Blanc’s model.

The results showed that increasing the size of the 
chamber and shortening the deployments times may be 

effective ways to reduce relative errors of  CH4 and  CO2 
fluxes. For example, increasing the radius of the chamber 
from 0.25 m to 0.5 m can lead to a reduction of 13.1% 
and 12.3% of the relative error for  CH4 and  CO2 fluxes. 
Additionally, the relative errors of  CH4 fluxes reduce with 
the increase of insertion. The relative error of  CH4 and 
 CO2 flux decreases from 94.4% to 64.1% and 88.2% to 
54.0% when the insertion depth increases from 0.01 m to 
0.1 m. The reason is that increasing the insertion depth 
can prevent the horizontal transport of gas in the shallow 
area, which leads to the reduction of the deviations of the 
measured gas flux.

The developed multi-component landfill gas transport 
model is applied to assess the field monitoring data of  CH4 
fluxes obtained by the static chamber method. The Monte 
Carlo method was adopted to carry out the statistical analy-
sis for quantifying the range of the relative errors for  CH4 
fluxes. The agreement of the measured field data and pre-
dicted results demonstrated that the proposed model has the 
capacity to quantify the emission of landfill gas from the 
landfill cover systems.
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